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KINETICS OF PAPAIN ACTION 


I. HYDROLYSIS OF BENZOYL-Lt-ARGININAMIDE* 


By ANNE STOCKELLf EMIL L. SMITH 
(From the Laboratory for the Study of Hereditary and Metabolic Disorders, and the 


Departments of Biological Chemistry and Medicine, University of 
Utah College of Medicine, Salt Lake City, Utai) 


(Received for publication, October 19, 1956) 


In previous papers (1-6) some of the physical, chemical, and enzymatic 
properties of crystalline papain have been described. The purpose of the 
present study has been to obtain information concerning the mechanism of 
action of this enzyme by means of kinetic studies with synthetic substrates 
of known structure. Papain is particularly suitable for investigations of 
this type since it retains full enzymatic activity over a broad range of con- 
ditions. This paper deals mainly with the effects of pH, temperature, 
dielectric constant, and other factors on the hydrolysis of benzoyl]-L-argi- 
ninamide, the most sensitive known substrate of papain. 


EXPERIMENTAL 


Materials and Methods—Crystalline mercuripapain was prepared from 
commercial dried papaya latex by the method of Kimmel and Smith (2). 
The substrate used for most of this work was BAA! which was prepared by 
the procedure of Bergmann, Fruton, and Pollok (7). BA was esterified 
with ethanol rather than methanol in order to prepare the crystalline ethyl 
ester (8). The purity of BAA was determined for each preparation by con- 
ventional methods as well as by photometric measurement of the color 
produced on reaction with ninhydrin both before and after complete hy- 
drolysis with papain. It was necessary to recrystallize the ethyl ester 
(from ethanol and ether) prior to amidation and to recrystallize the amide 
twice from water in order to obtain preparations of highest purity. Puri- 
fied BAA contained less than 0.5 per cent ninhydrin-positive material (cal- 
culated as ammonia on a molar basis) in all preparations. Determination 
of ammonia released after complete hydrolysis with papain indicated that 


* This investigation was aided by research grants from the National Institutes of 
Health, United States Public Health Service. A report on a part of this study was 
presented at a meeting of the Faraday Society in August, 1955 (1). 

t Predoctoral Fellow of the National Science Foundation. 

1 The following abbreviations are used: BAA, a-benzoyl-L-argininamide; BAEE, 
a-benzoyl-L-arginine ethyl ester; BA, a-benzoy]-L-arginine; HA, hippurylamide; CG, 
carbobenzoxy-L-glutamic acid; Tris, tris(hydroxymethyl)aminomethane; BAL, 
2,3-dimercaptopropanol. 
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100 per cent of the substrate is hydrolyzed. Paper chromatography of 
BAA in butanol-acetic acid-water (4:1:5) yielded one spot (Rr 0.63) which 
gave positive Sakaguchi and negative ninhydrin reactions. After complete 
hydrolysis with papain one spot was present (2, 0.75) which gave positive 
Sakaguchi and negative ninhydrin reactions. Authentic BA moved with 
an R, of 0.75 in this system and the Rr value of BAEE was 0.82. 
Liberated ammonia was determined by the ninhydrin method of Moore 
and Stein (9). This procedure was calibrated with ammonium sulfate 
standards which contained all of the components of the reaction mixture. 
Neither pH nor the alcohols used in this study affected the standard curve 
obtained. The experimental measurement of initial reaction velocity was 


TaBLeE 


Comparison of Kinetic Constants for Hydrolysis of Benzoyl- 
L-argininamide by Papain with Different 0.04 m Buffers 


The runs were performed in the presence of 0.01 m BAL at 0.2 ionic strength. 


pH Buffer Temperature ko Km 
°C. M 
5.2 Acetate 38.4 11.0 0.044 
5.3 Phosphate 38.4 11.1 0.036 
5.6 Phosphate 65.5 40.9 0.076 
5.6 Tris 65.5 39.9 0.064 
6.3 Phosphate 65.5 42.2 0.061 
6.3 Tris 65.5 39.9 0.073 


similar to that described by Lumry, Smith, and Glantz (10). The reac- 
tions were performed at constant temperature in water baths regulated to 
+0.1°. Stock solutions of enzyme were prepared by dissolving mercuri- 
papain in a small volume of 0.02 m acetate buffer at pH 5.2. 

Kimmel and Smith (2) obtained full activation of the enzyme with Ver- 
sene (ethylenediaminetetraacetate) and cysteine. Since cysteine reacts 
strongly with ninhydrin, it was necessary to use another reagent as activa- 
tor. Maximal activity was obtained with 0.01 m BAL at concentrations 
of papain up to 3 X 10-7 m. Inasmuch as activation was immediate, the 
reaction was routinely initiated by adding mercuripapain to the reaction 
mixture containing BAL. Constant ionic strength in the reaction medium 
was maintained by addition of KCl. 

Acetate and phosphate buffers were used from pH 3.9 to 5.5 and 5.4 to 
6.9, respectively, and Tris buffer from pH 5.6 to 9.1. pH was determined 
at room temperature (25-30°) with a Cambridge Instrument Company 
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glass electrode standardized against 0.05 m potassium acid phthalate taken 
to be pH 4.00. In each run the pH of the various reaction mixtures was 
the same within +0.05 pH unit. Initial velocities and kinetic constants 
were the same at corresponding pH values with acetate and phosphate 
buffers, or with phosphate and Tris buffers, as shown in Table I. The tem- 
perature coefficients for the dissociation constants of acetic acid and mono- 
sodium phosphate are small, and thus there is no appreciable effect of tem- 
perature on the pH of the reaction mixtures. Since there is a marked 
effect of temperature on the dissociation constant of Tris (11), the pH meas- 
ured at 25° was corrected to obtain the pH at other temperatures from the 
pK, values given by Bernhard (11) for the temperature range of 5-50°. 
The value of pK, at 66°, the highest temperature used in our studies, was 
obtained by extrapolation.? 

Appropriate controls showed no detectable inhibition of the hydrolysis 
of BAA by high concentrations of substrate or by reaction products at con- 
centrations used in these studies. 

Procedures—Kinetic constants were determined from the Michaelis-Men- 
ten formulation in which E is enzyme, S substrate, and P products. 


-1 
The velocity (V) of the reaction under steady state conditions is given by 


ko e[S] 


~ [S] + Km @) 


V 


where K, = (ko + k_1)/k; and e is total concentration of enzyme in the 
medium. This expression can be given in linear form (12) as 


| Kn 


V koe koe @) 


When [S]/V is plotted against [S], a line with a slope of 1/koe and ordinate 
intercept of K,,/koe is obtained. Although the data which were obtained 
are in accord with normal Michaelis-Menten kinetics as given by Equation 
3, it should be noted that some of the results indicate a system which must 
be more complex than that described by Equation 1. 

For determination of K,, and ko every run included two flasks each con- 
taining 0.08 m, 0.06 mM, and 0.04 m substrate, one flask each containing 0.02 
mM and 0.01 m substrate, and two controls with 0.08 m substrate. Because 
the solubility of BAA in water is limited, particularly at low temperatures 

2 Data given earlier (1) for the effect of pH on ko and K,, were not corrected for the 


influence of temperature on the ionization of Tris buffers. All of the results in the 
present paper have been corrected for this effect. 
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and in the presence of KCl,’ it was impractical to use substrate concentra- 
tions above 0.08 m. At low substrate concentrations, plots of hydrolysis 
versus time yielded slightly curved lines since there was about 5 per cent 
hydrolysis of the substrate during the experimental period of 30 minutes. 
The observed velocity was corrected to velocity at initial substrate concen- 
tration by assuming that the best straight line fit of the points is the ve- 
locity at the substrate concentration present halfway through the experi- 
mental period. The corrections were seldom greater than 5 per cent of the 
experimental velocity. Fig. 1 shows, for a representative experiment, the 


| | | 
= 
20 0.08M 
0.06M 
15h 
fe) 0.04M 
2 0.02M 
= V 
oO 
= 5F 0.0IM 
= 
| | | | | | 
10 20 30 0.02 0.04 0.06 008 
TIME~MINUTES S 
Fia. 1 Fic. 2 


Fic. 1. The production of ammonia by papain as a function of time at various ini- 
tial concentrations of BAA. The reactions were performed at 38°, pH 5.0, and 0.22 


ionic strength. 
Fic. 2. A plot of initial substrate concentration [S] divided by velocity (V) versus 
[S] for the hydrolysis of BAA at 38°, pH 5.0, and 0.22 ionic strength. 


ninhydrin color given by the ammonia produced as a function of time at 
various substrate concentrations. Tig. 2 is a Lineweaver-Burk plot of 
the same data. 

To obtain measurable velocities in 30 minutes at low substrate concen- 
tration, the amount of enzyme used was greater than that at higher sub- 
strate concentrations. Since a linear relationship between initial velocity 
and enzyme concentration was observed (Fig. 3), this procedure is justi- 
fiable. The standard deviation of the individual velocity measurements 
was found to be +3 per cent regardless of initial substrate concentration. 


3 KCI in high concentrations is very effective in salting out BAA and has been use- 
ful in improving the yields obtained in the preparation and recrystallization of this 
substance. 
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The line fitting the plot of [S]/V versus [S] was calculated by a method 
of least squares weighted according to variance (13)* rather than by the 
conventional method. The best straight line fit of the points is where 
— Y)*(1/s?) is at a minimum. ¥y; is the individual [S]/V value, Y is 
the corresponding [S]/V on the calculated line, and s? is the variance 
(9 * 10-47). The equations derived in this manner for calculation of the 
slope (b) and the intercept (a) of the line are 


Lv; X(v;2/s;2) — 
Lv;? Z(v;?/s;2) — 


— b 
2 (v,?/8;) 


(4) 


b 


(5) 


where v; and s; are the individual values of V and [S], respectively. 
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Fia. 3. Velocity of hydrolysis of 0.02 m BAA as a function of papain concentration 
at pH 5.2 and 38°. 


All the data were obtained with two enzyme preparations. Replicate 
determinations of K,, at pH 5.2 and 38° with both preparations gave values 
of K, and ky which were identical within experimental error (Table II). 
Certain other enzyme preparations of lower absolute activity gave higher 
values of K,, and lower values of ko, and were not used for the detailed stud- 
ies reported below. 

Initially, the enzyme concentration was calculated from the molar con- 
centration of papain (molecular weight of 20,500 (3)) and from nitrogen 
determinations performed by a Kjeldahl method on the basis of a nitrogen 
content of 16.1 per cent (2). In later work enzyme concentration was 
calculated from measurements of initial velocity at pH 5.2, 38°, and 0.2 
ionic strength, since many determinations of K,, and ky had been performed 
under these conditions. Enzyme concentration could thus be calculated 
from Equation 2. Absolute values of ky were calculated on the basis of the 


4 We are indebted to Dr. R. Lumry for suggesting the use of this method and de- 
riving the equations for its application. 
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above molecular weight for papain with the assumption that the enzyme 
possesses only one active site per molecule. 

Replicate determinations of AK,, at pH 5.2 and 0.2 ionic strength at 5°, 
38°, and 66° yielded K,, values with a standard deviation of +0.006. 
Duplicate determinations of kp under various experimental conditions had 
a standard deviation of +5.8 per cent. When data at various tempera- 
tures were to be compared, corrections were made for the small change in 
volume of the reaction mixture with temperature. 

Although papain catalyzes transamidation reactions in which the en- 
zyme-substrate complex reacts with NH; rather than with H.O (15), it 
has been assumed that this reaction does not occur to any appreciable 
extent since the total concentration of ammonia produced was never greater 


TaBLeE II 
Comparison of Km and ko Values with BAA of Two Papain Preparations 
The reaction mixtures contained 0.04 m acetate buffer and 0.01 m BAL at ionic 
strength 0.2. The determinations were performed at pH 5.2 and 38°. Enzyme 
concentration was determined by the turbidimetric method of Biicher (14) for Prepa- 
ration 1 and from nitrogen determinations by a Kjeldahl method for Preparation 2. 


Preparation No. ko ia No. of determinations 
M 
1 11.2 0.0387 + 0.0024* 6 
2 11.0 0.0409 + 0.0021* 8 


* The standard error of the K,, values was calculated from the previously deter- 
mined standard deviation of K, of +0.006. Standard error = 0.006/+/n where n 
is the number of determinations of Ky». 


than 2 X 10-* m. In addition, the experiments were performed at pH 
values at which the ammonia was overwhelmingly in the charged form 
and thus would not be expected to participate in transamidation. 


Results 


Stability of Enzyme—Since the effects of various extrinsic factors on 
kinetic parameters were to be studied, it was essential to establish in a 
preliminary way the conditions under which the enzyme is stable. Solu- 
tions containing 5 X 10-5 m papain and 0.036 m BAL which gave maximal 
enzyme activation were incubated for 30 minutes at 38° under various con- 
ditions of pH and in various organic solvents. Aliquots of these enzyme 
solutions were then added to control reaction mixtures, and the reaction 
velocity was measured at pH 5.2 and 38°. The results indicated that the 
enzyme remains stable under these conditions from pH 4.0 to pH 8.9 and 
in 60 per cent (by volume) of methanol, isopropanol, and acetone. The 
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fact that linear plots of substrate hydrolysis versus time were obtained un- 
der similar conditions also indicates the stability of the enzyme. 

Effect of Ionic Strength—At pH 5.2 and 38° there was no significant effect 
on the velocity of hydrolysis, or on ky or K,, over the range of ionic strength 
from 0.05 to 0.3 (Fig. 4 and Table III). However, both K,, and kp increased 


| 
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© 
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= 
< 
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Fic. 4. Relative velocities for the hydrolysis of BAA by papain as a function ot 
tonic strength at pH 5.2 and 38°. The vertical positions of the curves at different 
substrate concentrations are not related. 


TaBLeE III 
Effect of Ionic Strength on Kinetic Constants with BAA at pH 5.2 and 38° 


The reaction mixtures contained 0.04 m acetate buffer and0.01m BAL. The ionic 
strength was adjusted by addition of KCl. 


Ionic strength ko Km 
M 
0.10 12.0 0.044 
0.20 11.0 0.039 
0.30 11.9 0.045 
0.40 13.3 0.051 
0.50 14.9 0.064 
0.60 14.6 0.072 


at higher ionic strengths. Consequently studies were routinely performed 
at constant ionic strength of 0.2. 

Effect of pH—Kimmel and Smith (2) found that there was no effect of 
pH on the over-all rate of hydrolysis of 0.05 m BAA by papain from pH 5 
to 7.5. In the present studies the initial rate of hydrolysis of 0.025 mM BAA 
was determined as a function of pH. The data given in Fig. 5 show that 
at 38° maximal velocity is at pH 7 whereas at 66° the optimal velocity is 
near pH 6; at 5°, the data suggest the possibility of optima at pH 5 and 8. 
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Inasmuch as these data appear to be complex, the influence of pH on 
K,, and ky was determined to ascertain the effect on the individual reaction 


uJ 

> 

38° 


pH 
Fic. 5. Relative velocity of hydrolysis of 0.025 m BAA by papain as a function of 
pH at three temperatures. The reaction medium contained 0.01 m BAL, 0.04 m buffer 
at 0.2 ionic strength. The vertical positions of the three curves are not related. 


5° 38° 66° 


4 6 8 4 6 8 5 6 7 
pH 
Fic. 6. Km as a function of pH at three temperatures for hydrolysis of BAA by 
papain. The values at pH 5.2 (+) are averages of a large number of determinations; 
other values are individual determinations. 


pH 


Fic. 7. ko as a function of pH at three temperatures for hydrolysis of BAA by pa- 
pain. The values at pH 5.2 (+) are averages of a large number of determinations; 
the other points are individual determinations. ko is calculated on the basis that 
each molecule of papain possesses only one active site. 


steps. The results of a series of determinations of K,, and ko as a function 
of pH at three temperatures are shown in Figs. 6 and 7. 
The optimal pH for ky depends rather markedly on temperature. At 
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66° the optimal range is pH 5.5 to 6.5, at 38° it is at pH 6.9, and at 5° the 
optimal value is near pH 4.5. The data for ko show more variability at 5° 
than at higher temperatures with a standard deviation for an individual 
determination of +10.6 per cent. However, when the average kp at pH 4.5 
is compared to the average ky over the pH range 5.2 to 7.4, the difference 
between the averages is significant (P < 0.01). 

In considering these somewhat unexpected variations in ky and K,, as a 
function of pH at different temperatures, the first question to be decided 
is whether the complex results are due to the presence of more than one 
enzyme capable of hydrolyzing BAA. The apparent presence of dual pH 
optima as manifested at 5° (Fig. 5) is usually interpreted in this manner. 
Moreover, the difference in pH optimum for ky at 5° as compared to higher 
temperatures might suggest the presence of two enzymes with markedly 
different heats of activation, one with an optimum near pH 4.5 and the 
other with an optimum near pH 7. Earlier studies of crystalline papain 
and mercuripapain appear to be in accord with the view that we are deal- 
ing with a single protein as judged by enzymic studies on synthetic sub- 
strates (2), by physical studies (3), by amino acid composition (4), and by 
end group analysis (5). Furthermore, unpublished observations with 
immune serum to papain® and chromatographic studies® support this con- 
clusion. 

In order to test the enzymatic homogeneity of crystalline papain by other 
criteria, a series of tests was run in which the enzyme was partially inac- 
tivated by a variety of procedures. The relative velocities at pH 4.5 and 
6.9 were then compared with control values. As shown in Table IV, no 
evidence was obtained which would indicate any change in relative activity 
at the two pH values which might be attributed to the presence of two 
enzymes. 

The data of Table IV also show that papain is relatively stable at 38° 
to pH values as extreme as 10.8 and 2.8. The inactivation observed at 
pH 7.0 and 68° in 10 minutes suggests that some inactivation of papain 
occurs during the velocity determinations at 66°. However, it should be 
noted that, in the experiments of Table IV, heating was performed in the 
absence of substrate. The velocity determinations performed at 66° show 
a linear relationship between amount of hydrolysis and time. If appreci- 
able inactivation of the enzyme had occurred, a decreasing rate of hydroly- 
sis would have been expected. Moreover, as shown below, values of ko 
obtained at 66° are in accord with those determined at lower temperatures 
(Figs. 8 and 9). 

Effect of Temperature—K,, and ko were determined at pH 5.2 at six dif- 


5B. V. Jager and E. L. Smith, unpublished observations. 
¢ B. J. Finkle and E. L. Smith, unpublished studies. 
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TaBLe IV 
Relative Velocities at pH 6.9 and pH 4.5 of Partially Inactivated Papain 


The assays were performed with 0.025 m BAA at 38.4° at 0.2 ionic strength. Mer- 
curipapain was activated at pH 7 with BAL before inactivation. Relative velocity 
(V). 


Rate relative to control 
Conditions of inactivation at same pH Rati V at pH 4.5 
=e V at pH 6.9 
pH pH 4.5 pH 6.9 
cc. min. per cent per cent 
10.4 29 10 90 85 0.80 
10.9 29 10 92 89 0.78 
10.8 38 20 72 66 0.83 
10.8 38 32 57 58 0.76 
10.8 38 48 51 49 0.80 
2.6 38 15 27 29 0.77 
2.8 38 15 69 75 0.73 
2.8 38 30 70 71 0.78 
7.0 68 10 51 52 0.78 
0.781 
0.780 
ad 
ad 
pH63 pH 7.0 ong 
30 32 34 36 30 34 30 34 30 34 
+x 107 +xi04 
Fic. 8 9 


Fig. 8. Ln(ko/T7’) as a function of 1/T for hydrolysis of BAA by papain at pH 5.2, 


ionic strength 0.2. 
Fig. 9. Ln(ko/T’) as a function of 1/7 for hydrolysis of BAA by papain at three 


different pH values, ionic strength 0.2. 


ferent temperatures from 5-66°. No consistent effect of temperature on 


K,, was observed. 
According to the theory of absolute reaction rates (16) 


k As* k’ 
las" (6) 
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where k is the reaction rate constant, T is the absolute temperature, AH* 
and AS* are the heat and entropy of activation, respectively, R is the gas 
constant, k’ is the Boltzmann constant, and h is Planck’s constant. The 
transmission coefficient is assumed to be unity. This equation predicts 
a linear plot of In(k/7) versus 1/T with slope of —AH*/R and ordinate 

intercept of i + In a Accordingly, Ln(ko/7) was plotted against 1/T 
(Fig. 8). A linear function was obtained from 15-66°, but the values ob- 
tained at 5° do not fall on the same line. Similar plots have been made of 
data obtained at three temperatures at pH 4.5, 6.3, and 7.0 (Fig. 9). The 
data obtained at pH 6.3 fall ona straight line, but the data obtained at pH 
4.5 and at 7.0 are non-linear. Activation parameters calculated by the 
method of least squares are given in Table V. 


TABLE V 
Activation Parameters for kyo of Papain-Catalyzed Hydrolysis of BAA 
Data are calculated for moles of active site per liter. 


pH AF fo AH* AS* Temperature range 
kilocalories kilocalories entropy units 

4.5 15.6 6.9 —32 5-66 

5.2 15.6 7.6 —29 15-66 

6.3 15.8 9.5 —23 5-66 


Effect of Dielectric Constant—The effect of dielectric constant on K,, and 
ko was studied by addition of methanol and isopropanol to the reaction 
medium. The data are presented in Table VI. In the presence of either 
alcohol K,, is increased although ky remains essentially constant at 38° at 
pH 5.2 or 6.9 up to 50 per cent methanol, but is decreased in the presence 
of 30 per cent isopropanol. At 5° ky begins to decrease in 30 per cent meth- 
anol but remains constant at lower alcohol concentrations. There is ap- 
parently no simple consistent effect of dielectric strength on either K,, or 
ky under these conditions. 

Since papain catalyzes transfer reactions (15), there is the possibility of 
conversion of amide to ester in solutions containing alcohol. If this occurs 
in the systems studied, it should be possible to demonstrate the presence 
of the ester during the course of the reaction. Consequently, a reaction 
mixture containing 0.04 m BAA, 50 per cent ethanol, BAL-activated pa- 
pain, and 0.04 m phosphate buffer at pH 6.4 was incubated at 38° and sam- 
ples taken at various time intervals were chromatographed on Whatman 
No. 4 filter paper with n-butanol-acetic acid-water (200:30:75 by volume) 
as the solvent system. This system gives a good separation of BAEE 
from BAA and BA, each compound being identified with a modified Saka- 
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guchi reagent (18). Aliquots were taken immediately after addition of 
enzyme, and after 30 and 60 minutes. The enzyme concentration was 
such that approximately 50 per cent of the BAA was hydrolyzed after 30 
minutes. Chromatograms showed only the spot of BAA at zero time and 
two spots corresponding to BAA and BA after 30 minutes and 1 hour; no 


TaBLeE VI 
Effect of Methanol and Isopropanol on K» and ko for Hydrolysis of BAA 


The reaction mixtures contained 0.04 m buffer and 0.01 m BAL at 0.22 
ionic strength. K,, values are in moles per liter and ko in sec.~!. Alcohol concen- 
tration is given in per cent by volume. 


C r Diclectri Km ko Km ko 
Alcohol tration | ature, *C.| constant® 
pH 4.5 pH 5.2 
Methanol 0 5 86.2 0.066 2.12 0.040 1.61 
10 82.6 0.072 2.08 
20 79.0 0.089 2.10 
30 75.3 0.083 1.48 0.058 1.16 
50 66.5 0.143 1.19 
pH §.2 pH 6.9 
Methanol 0 38 73.8 0.039 11.0 0.056 14.9 
10 70.3 0.050 11.2 
10 70.3 0.059 12.4 
20 66.9 0.071 9.9 
30 63.3 0.098 9.8 
50 55.3 0.168 9.8 0.252 13.0 
pH 5.2 
Isopropanol 0 38 73.8 0.039 11.0 
10 68.3 0.069 10.0 
30 57.2 0.069 4.3 


* Dielectric constants for these mixtures are those reported by Akerléf (17). 


BAEE was observed. Thus, under the conditions described, papain-cata- 
lyzed formation of BAKE from BAA does not occur to any measurable ex- 
tent in the presence of ethanol. 

The effect of dielectric constant (D) on the rate of reaction between ions 
of opposite charge has been developed by Scatchard (19). A similar treat- 
ment of the dependence of the rates of both ion-dipole and dipole-dipole 
interactions on dielectric strength has been given by Amis (20). For such 
reactions a plot of log k versus 1/D should be linear. Since neither ky nor 
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K,, bears such a relationship to the dielectric strength of the medium, the 
ratios of the two constants were computed. If /_; is negligible with respect 
to ko, Km is equal to ko/ki, and the ratio ko/K,, should give k}. When log 
(ko/Km) is plotted against 1/D, straight lines are obtained at both 5° and 
38° (Fig. 10). The data obtained with both alcohols at 38° and pH 5.2 
fall on the same line. The slopes of the lines calculated by the method of 
least squares and their standard deviations are —155 + 16 and —159 + 
30, respectively. The data obtained with methanol at 5° and pH 4.5 fall on 
a parallel line of slope —176 + 22. Similar plots of the limited data at pH 
6.9 and 38° and at pH 5.2 and 5° also yield parallel lines with slopes of 


4 -|SOPROPANOL 
0;e-ME THANOL 


38°pH5.2 
ko 
¥ 38° pH69 
5°pH 5.2 
OK 
5°pH 4.5 
1.2 1.4 1.6 1.8 
100 


Fic. 10. Plot of log(ko/K,») versus the reciprocal of the dielectric constant (D) 
of the medium. The data for ko and K,, are given in Table VI. 


—157 and —182, respectively. The results will be treated further under 
the discussion. 

Effect of DXO—K,, and ky were determined at 38° and at 5° in a medium 
of D.O. (99.8+ per cent D.O was obtained from the Stuart Oxygen Com- 
pany, San Francisco, California.) All components of the reaction mixture 
were dissolved in D.O so that the measurements were performed in 99+ 
per cent D.,O. The D;0* concentration in these experiments was deter- 
mined with a glass electrode. A correction of +0.4 pH unit was applied 
to the pH readings to give the approximate pD (10). These experiments 
were performed in acetate buffer, since correction factors for converting 
PH readings to pD in such systems are known (10). The runs were made 
at pD 5.3, since neither K,, nor ko varies significantly with pH over a range 
of about 0.5 pH unit at 5° or 38° (Figs. 6 and 7), and thus any minor error 
in pD would not greatly affect the data. The results given in Table VII 
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show that ky is unchanged at both temperatures in a medium of D.O al- 
though K,, appears to be somewhat lower. 

Inhibitors—Kimmel and Smith (2) showed that CG is an inhibitor of 
papain and that the extent of inhibition, which varies with pH, is greatest 


TaBLeE VII 
Effect of Heavy Water on K,, and ko for Hydrolysis of BAA 
The reaction mixtures contained 0.04 m acetate buffer and 0.01 m BAL at 0.22 ionic 
strength and pH 5.3. 


38° 
Solvent 
Km ko Km ko 

M sec.“ Mf 
H:0 0.040 1.61 0.039 11.0 
D:0 0.028 1.51 0.023 11.1 

> — 

oO 

oO 
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uJ 

> nnd 
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Fig. 11. Influence of pH on the inhibition of hydrolysis of benzoyl-L-argininamide 
by 0.01 m and 0.02 Mm carbobenzoxy-.-glutamic acid. The extent of inhibition was de- 
termined by the effect on initial velocity of hydrolysis of 0.025m BAA. The reaction 
mixtures contained 0.04 m acetate or phosphate buffer, 0.01 m BAL, and 0.1 m KCl. 


in the region of pH 3.9 to 4.5; this suggested that progressive ionization of 
the y-carboxy] group decreased the inhibition. Fig. 11 shows the influence 
of pH on inhibition of hydrolysis of BAA by 0.01 Mand0.02mMCG. Strong 
inhibition was found at pH 3.9 and decreases as the pH is increased. Since 
the a-carboxyl group would be expected to have a pK’ value of about 3 
and that of the y-carboxy] about 4.4 (21), it is likely that inhibition occurs 


nic 
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only when the y-carboxy] is un-ionized. The resemblance of plots of the 
pH-activity curves to titration curves supports this interpretation. 

In order to determine the type of inhibition exhibited by CG, Line- 
weaver-Burk plots were made at two pH values at 38°. The results, given 
in Table VIII, show an apparent decrease in kp and an increase in Ky. 


TaBLe VIII 
Effect of Carbobenzory-L-glutamic acid on K,, and ko of BAA at 38° 


The reaction mixtures contained 0.04 m acetate buffer and 0.01 m BAL at 0.22 ionic 
strength. The relative ko is given in relation to uninhibited ko at the same pH. 


pH CG Kym, control Km, experimental Relative ko 
M M M 

3.9 0.01 0.065 0.089 0.69 

4.3 0.03 0.049 0.059 0.54 
O.5- 


pH3.9 
pH4.3 


30 -25 -20 -I5 
LOG INHIBITOR CONC. 
Fig. 12. Influence of log inhibitor concentration on degree of inhibition where V 
is uninhibited velocity and V, is inhibited velocity. The substrate was 0.025 m BAA 
at 38°. The inhibitors were carbobenzoxy-.L-glutamic acid (CG) and carbobenzoxy- 
L-aspartic acid (CA). 


However, the variability of control K,, values in this pH range prevents 
any significance from being attached to the increase in K,, in the presence 
of CG. Since ky is decreased significantly, the inhibition may be non- 
competitive (reversible) or of a mixed type. 

The influence of CG concentration on the hydrolysis of 0.025 m BAA at 
38° was studied (Fig. 12). Plots of log[(V/V;) — 1] versus log[I] yielded 
straight lines with slopes of 1.04 + 0.09 at pH 3.9 and 1.23 + 0.14 at pH 
4.3, indicating that 1 molecule of inhibitor interacts with each enzymic site. 
Here V/V, is the ratio of the velocity of hydrolysis in the absence of in- 
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hibitor to the velocity with inhibitor and [J] is the concentration of CG in 
moles per liter. 

Similar data were obtained with carbobenzoxy-L-aspartic acid (CA) as 
the inhibitor. At pH 3.9 at 38° a plot of log[(V/V;) — 1] versus log{T] 
gave a straight line with a slope of 1.04 + 0.15 (Fig. 12). Since the ioniza- 
tion constants for the a-carboxy] and w-carboxyl groups of these compounds 
have not been determined, the actual concentration of inhibitory species 
is unknown. 


Hydrolysis of Hippurylamide—A Lineweaver-Burk plot was made for | 
papain-catalyzed hydrolysis of HA over the concentration range of 0.005 | 


mM to 0.040 m at pH 5.2 and 38°. The calculated value of K,, was 0.19 m 
and ky was 0.64 sec.—! as compared to a value of 11.0 sec.~' for BAA under 
the same conditions. These values for the hydrolysis of HA must be con- 
sidered only as approximate since the limited solubility of HA necessitated 
the use of substrate concentrations much less than the value of Kym. 


Nature of ko 


For the hydrolysis of BAA, the shift in optimal pH for ko with change 
in temperature is of considerable interest, since it is difficult to interpret on 
the basis of the simple Michaelis-Menten reaction scheme of Equation 1. 


Inasmuch as the substrate BAA contains no titratable groups in the pH | 
range used, the influence of pH and temperature must be due to effects on — 


the protein, its interaction with the substrate, or to the hydrolytic reaction. 

A consideration of the specificity of hydrolytic enzymes requiring multi- 
ple points of attachment between the enzyme and substrate suggests that 
several steps may be involved in formation of the enzyme-substrate com- 
plex, as well as in the hydrolytic reaction, and in the dissociation of the 
reaction products from the enzyme (10, 22). Data obtained with carboxy- 
peptidase (10) have suggested that the velocity constant ky may not always 
be a measure of the same rate-limiting step. Similar considerations have 
been applied recently to the hydrolytic reactions of chymotrypsin (23). 

This phenomenon would be consistent with the data obtained for the 
scission of BAA by papain if it is assumed that two different chemical steps 
which are influenced by pH and temperature are involved, the slower one, 
under given conditions, being the rate-determining chemical step for ko. 
This assumption would explain the three apparently aberrant results: (1) 
the shift in pH optimum of ky at different temperatures; (2) the deviations 
from linearity of plots of Ln(k»/T) versus 1/T at 5° as determined at pH 
5.2; and (3) the lack of a consistent effect of changes in dielectric constant 
on ky under various conditions. 

The interpretation of a change in the rate-limiting step represented by 
I) necessitates a more complicated representation of the over-all kinetic 
process than that given by the classical Michaelis-Menten formulation. 
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It is probable that under certain conditions the rate constant ko represents 
a combination of constants of two steps occurring with velocities of com- 
parable magnitude. Such a reaction sequence may be represented as 


follows: 
k ke 
(7) 
ky k_o 


E+S8S 


If one assumes a steady state at constant velocity, then 


= + — (ko + k)[ES:] = 0 (8) 
AES! — (ks + = 0 


Since e represents the total concentration of enzyme 
[E] = e — [ES,] — [ES,] (10) 


From Equation 9 


(ko + ko (11) 
ko 


[ES;] = 


substituting for and [#S,] in Equation 8 
kilS] +k o)[ESo] 


— — + kof ES2] (12) 
0 
[ES2}(ko + ks) + ko) 
ko 
Let 
+ ko 
ko 
Then = e[S] 
1 ky 
The velocity of the reaction is 
ko e[S] 
V = ko [ES2] = 
(14) 
ky ky 
This may be expressed in the equivalent form 
[S] +a) kow + kia — k-o (15) 


V koe ki ko € 
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A plot of [S] versus [S]/V would yield a straight line with slope of (1 + a)/- 
ko”e and ordinate intercept (ko’ a + kya — k’_o)/kiko”e. However, in the 
present studies it has been observed that the reciprocal of the ordinate 
intercept of such a plot behaves as a single kinetic constant at constant 
enzyme concentration and whose value depends on the dielectric constant 
of the medium (see below). This can be true if ky « ko’ and k’_» K ky”. 
Under these conditions the velocity expression reduces to 


V koko ke 


The constant calculated as ky in these studies is then ko’ko”/(ko’ + ko”). 
It is likely that under certain conditions this constant may approximate 
ko’ or ky” depending on the relative magnitudes of these rate constants. 
Such an interpretation is consistent with the changes occurring in kop with 
alterations of pH, temperature, or dielectric constant of the medium. Un- 
fortunately, the constants ko’ and ky” cannot be determined separately 
from data available at present. A more general derivation for a reaction 
involving n reaction steps has been given by Lumry (24). 

The observation that ko is unchanged in a medium of D.O at pD 5.3 at 
both 5° and 38° suggests that hydrogen ion does not participate in the rate- 


(16) 


limiting ko step of the reaction. The possibility remains, however, that — 
OH~ is a reactant in this step since the difference in mass between OD~ — 


and OH is small and differences between rates of reactions involving these 
ions would not be detectable. 

In addition to a change in the rate-limiting step, another possible explana- 
tion for the anomalous behavior of kp is that there are alterations in the 
stereochemical configuration of the enzyme with changes in pH, tempera- 
ture, and dielectric constant. It is well known that hydrogen bonds may 
be broken at increased temperatures, high concentrations of organic sol- 
vents, and at extremes of pH. In addition, Belehradek (25) and Maier 
et al. (26) have suggested that there is increased reversible intramolecular 
bonding of proteins, at low temperatures, which results in a loss of enzy- 
matic activity. The possibility of alterations in rate constants due to 
changes in charge distribution in the neighborhood of the active site with 
changes in protein configuration cannot be completely excluded at present. 
However, the possibility of a decrease in ky due to increased hydrogen bond- 
ing at low temperatures is unlikely in view of the effects of organic solvents 
on this constant. In aqueous solutions containing 30 to 50 volume per cent 
methanol, conditions which would be expected to decrease intramolecular 
hydrogen bonding, the value of kp is decreased and to a greater extent at 
5° than at 38°. This effect would be unlikely if the anomalous behavior 
of ky were due to increased folding of the protein at low temperatures. 
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Nature of K, and ky 


Kn, which is defined as (ko + k_1)/k1, may be, in extreme cases, the equi- 
librium constant k_,/k,; or the stationary state constant ko/k;, depending 
on the relative magnitudes of ky) and k_;. It has already been indicated 
that Km = ko/k, for a number of enzymes, e.g. peroxidase, catalase (27), 
and pancreatic carboxypeptidase (10). There is evidence for papain that 
K,, is the stationary state constant under some of the conditions studied. 
Plots of Km or ko versus pH at 38° yield similar curves over the pH range 
5.2 to 7.2 with maxima at pH 6.9. This suggests that under these condi- 
tions kp is the dominant term in the numerator of K,n. 

The effect of temperature on K,, is not consistent with the interpretation 
of K,, as an equilibrium constant. At pH 5.2 the average values of K,, are 
almost identical at 5° and 38°, and at 66° K,, is 50 per cent greater. At 
pH 4.5 K,, is lower at 38° than at 5° or 66°. If K,, were an equilibrium 
constant one would expect smooth continuous functions over the tempera- 
ture range studied. 

The effect of alcohols on the reaction kinetics also supports the interpre- 
tation of K, as ko/ky. Neither ko nor K,, is affected in any consistent man- 
ner in the presence of increasing concentrations of methanol; however, i, 
calculated from ko/K,,, isdependent on the dielectric constant in accord with 
theory. The similar slopes of plots of log k; versus 1/D indicate that the 
dependence is the same under the various conditions studied (Fig. 10). 
That this effect is due to the change in dielectric constant rather than to 
hydrogen bonding of the alcohol to the protein is supported by the data 
obtained with isopropanol-water mixtures. k, values bear the same rela- 
tion to the dielectric constant of the medium whether methanol or isopro- 
panol is present. The larger isopropanol molecule would not be expected 
to hydrogen bond with the enzyme as readily as methanol. In addition, 
on a molar basis, isopropanol is three times more effective than methanol 
in lowering the dielectric constant. Thus the effect of these solvents on 
k; appears to be due to their effect on the dielectric strength of the me- 
dium.’ 

The negative slopes of the lines obtained by plotting log(Ao/A,,) versus 
1/D suggest that the reaction step represented by k; involves the interac- 
tion of ions or dipoles of like charge (19, 20). 

7 This is contrary to the assumptions previously made (1) on the basis of fewer 
data and before it was realized that plots of ko/K», that is, of k;, as a function of pH 
yield readily interpretable data on this basis (see the further discussion in the text). 
It now appears that, although the effects of pH and alcohol concentration yield com- 
plex data for ko and Kx», the results are consistent for k; as derived from ko/Km. The 
earlier suggesticn (1) that, under some circumstances, K, = k_,/k; for papain-cata- 
lyzed hydrolysis of BAA is withdrawn since it does not appear to be in accord with 
present information. 
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Since K,, can be interpreted as ko/k,, it is of interest to compute k,; and 
plot these values as a function of pH. The calculated data are shown in 
Fig. 13 with the average maximal value of k, at each of the three tempera- 
tures given as 100. The data for 38° give a smooth curve with a flat opti- 
mum between pH 5 and 7.3. The computed values for k, at the other 
temperatures show a greater scatter but, nevertheless, indicate the same 
type of curve. A noteworthy feature, in comparing the three curves, is 
the marked shift, with temperature, in the position of the descending curve 


at the alkaline side of the optimum; this is in striking contrast to the data | 


computed for k; on the acid side which appear to be essentially the same at 


100 


RELATIVE k, 
| 
On 


oO 


pH 


Fiac. 13. k; asa function of pH at three different temperatures. The k; values were 
calculated from ko/K,,. At each temperature the average of the k, values of the broad 
maximum of the curve was set equal to 100. The data at pH 5.2 are averages of a 
number of determinations; other values are individual determinations. 


the three temperatures. The uniformity of these derived data for k, sug- 
gests once again that k)/K,, represents k, over the pH and temperature 
range studied. In essence, this merely says that, under these conditions, 
k_, is considerably smaller than ko. 

In the light of all the evidence that k; = ko/K,, over the pH and tempera- 
ture range studied, it is simple to interpret the apparently peculiar data 
shown in Fig. 5 for relative velocity as a function of pH. Since A,, is ap- 
proximately constant with pH at 66°, ky and k; must have similar pH de- 
pendence and so must the velocity measured at any substrate concentra- 
tion. In contrast, the velocity data at 5° must reflect the difference in 
effect of pH on ko and k, at this temperature and their relative contribu- 
tions to the over-all velocity at 0.025 m substrate concentration. The re- 
sult is the broad curve with evidence of two maxima shown in Fig. 5 for 5°. 
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Thus, because there are different effects of temperature and pH on k, and 
ko, the relative velocity curves at different temperatures are strikingly 
altered. It must be concluded that there is no need to assume that the 
behavior of papain is anomalous or that more than one enzyme is involved 
in the hydrolysis of BAA. Instead, these data may serve as an object les- 
son in the study of enzyme kinetics, inasmuch as, in most investigations, 
a pH optimum has usually been determined at a single temperature and 
detailed kinetic studies have been performed at this pH value. 

If it is assumed that the data in Fig. 13 show the effect of pH on ky, 
the descending portions of the curves must represent the titration of groups 
essential for papain activity. On the acid side of the curve, k; reaches a 
maximum near pH 5. The pH corresponding to k; at half of the maximal 
value is at approximately 3.8, which would represent the pK’ of the group 
being titrated. This value is consistent with the pK’ of a 6-carboxyl 
group of aspartic acid (21). The lack of any appreciable effect of tempera- 
ture on this pK’ value is in accord with the fact that the heat of ionization 
of such carboxyl groups is small. 

When the alkaline portions of the k; curves are interpreted in a similar 
manner, the pK’ of the group being titrated varies markedly with tempera- 
ture. At 5° the approximate value of pK’ is 9.0, at 38° it is 8.2, and at 
66° it is 7.4. The heat of ionization (AH), calculated from the van’t Hoff 
equation, 


AH = —2.303 RT? (17) 


is approximately 9.5 kilocalories per mole at 0°. 

Titratable groups on the protein which, at first sight, might be involved 
are an a- or e-ammonium group, an imidazolium, ora sulfhydryl group. It 
is rather unlikely that the strongly cationic substrate, BAA, could interact 
with a cationic site on the enzyme. Moreover, the calculated pK’ values 
appear to be much too low for an e-ammonium group and too high for an 
imidazolium group. [rom structural studies, papain possesses only one 
terminal a-amino group (5) and it has been shown that much of the N-ter- 
minal sequence of papain can be removed from the protein without impair- 
ment of the activity or the specificity (6). These considerations would 
eliminate any participation of the a-amino group in determining the value 
of k;. In effect, the sole remaining group to be considered is the sulfhydryl 
group which has long been known to be essential for papain activity. For 
the present, it need only be stated that the observed pK’ values are in the 
range found recently for several sulfhydryl compounds (28) but the calcu- 
lated heat of ionization found in the present instance appears to be high. 
It should be apparent, however, that the data of Fig. 13 can yield only an 
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approximate value for AH. Indeed, more data are required for the heat 
of ionization of sulfhydryl groups in peptides containing different types of 
neighboring groups. 

The temperature dependence of 1t.e. of is also of interest, es- 
pecially at pH 5.2 from 5-38° since under these conditions this ratio ap- 
pears to represent k,. Its similar dependence on the dielectric strength 
of the medium at both temperatures suggests that it represents the velocity 
constant for the same step at both temperatures. The plot of In(ko/TK,,) 
versus 1/T at pH 5.2 (Fig. 14) is linear from 5-50°, which is consistent with 
the interpretation of k)/K,, as k, for the same step at these temperatures. 
Activation parameters for k; in the linear portion of the curve, as computed 
by the method of least squares, are as follows: AH* = 8.8 kilocalories per 


Fic. 14. Plot of In (ko/TK,,) versus 1/T for hydrolysis of BAA by papain at pH 5.2, 
ionic strength 0.2. 


mole, AS* = —19 e.u., AF'*o> = 14.1 kilocalories per mole. At other pH 
values the limited data at 5°, 38°, and 66° do not yield linear plots of 
In(ko/TK,,) versus 1/T. The non-linearity of such plots may indicate that 
some inactivation of the enzyme occurs at 66°. 

The data for inhibition of papain by CG indicate that this compound is 
inhibitory only when the y-carboxy] group is un-ionized. This is consistent 
with the findings of Fox and Wax (29) who showed that the papain-cata- 
lyzed formation of carbobenzoxy-L-glutamic acid anilide from CG occurs 
at a maximal rate at approximately pH 4. Such studies indicate that the 
a-carboxyl of CG can combine with papain to form a complex which can 
subsequently react with aniline. Thus, it is likely that this same reaction 
is responsible for the inhibitory properties of CG. 

The limited kinetic data obtained on HA indicate that K,, is much higher 
than with BAA and that ko is lower for HA. If it is assumed that K,, = 
ko/k, for HA, as it appears to be for BAA, then the higher K,, value for 
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HA is due to the fact that k; is almost 100 times greater for BAA than for 
HA. Inasmuch as the best substrates of papain are positively charged, 
eg. BAA, it is likely that one step in the combination of enzyme and sub- 
strate is due to interaction between ions of opposite charge. Uncharged 
substrates thus would not form the enzyme-substrate complex as rapidly; 
consequently k, would be lower and K,, higher than with positively charged 
substrates. 


Tentative Reaction Mechanism 


A tentative reaction mechanism for the action of papain has already been 
suggested (1). The main feature of this scheme is that a thiol ester is 
formed in the enzyme-substrate complex. Here, we wish to propose a 
somewhat modified form of this hypothesis which appears to be in accord 
with present knowledge of the specificity and kinetic behavior of papain 


| PAPAIN] [PAPAIN | [PA PAIN) [PA PAIN] 
i ---C-NH> + 
R----C-NH> + 
Iv 


Fig. 15. A tentative reaction mechanism for the hydrolytic action of papain on 
BAA. 


as well as with the chemistry of this enzyme. A schematic outline of the 
proposed reaction steps for the hydrolysis of BAA is shown in Fig. 15. 

In brief, the following observations must be taken into account. (1) 
The most sensitive known substrates for papain (2, 30, 31) are those which 
possess an arginyl or lysyl residue; 7.e., they have a strongly cationic group 
on the side chain. (2) Papain can hydrolyze synthetic substrates which 
possess an ester (2) or thiol ester (32) bond, as well as those with peptide 
or amide bonds. (3) In addition to hydrolytic reactions, papain catalyzes 
synthetic (31, 33, 34) and transfer reactions (15). (4) A sulfhydryl group 
is absolutely essential for the action of papain, as demonstrated by the work 
of many investigators (2, 33). Present evidence indicates that there is 
only one enzymatically active SH group in papain (1, 35).5 

If it is assumed that the rate-limiting step governed by k, represents the 
formation of the thiol ester bond, reasonable explanations for the effect 
of pH and dielectric constant on k; are apparent. The presence of an es- 
sential ionized 8-carboxyl group in the enzyme and of a cationic group in 
the substrates which are hydrolyzed most readily by papain suggests that 
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an ionic interaction between enzyme and substrate (II in Fig. 15) enhances 
the rate of formation of ES. If the effect of pH on the alkaline side of the 
k, curve (Fig. 13) is due to titration of the sulfhydry] group, it is evident 
that the functional group is the un-ionized SH group and not, as assumed 
earlier (1), the RS~ group. Formation of a thiol ester (III in Fig. 15) is 


postulated because of the essential nature of the SH group and because | 


thiol esters appear to be formed in other types of enzyme reactions (36, 37). 
This step is likely to be the rate-determining step since it involves forma- 
tion of a covalent bond by a displacement reaction. ‘The decrease in k, 
with decreasing dielectric constant can be explained by the close proximity 
of the partial negative charges present on the carbony! oxygen of the sensi- 
tive bond and on the sulfur atom of the SH group. 

Formation of a thiol ester is consistent with the spatial and chemical 
specificity of papain which is toward the amino acid residue bearing the 
carbonyl group of the sensitive peptide bond. The moiety which is dis- 
placed from or transferred to the carbon of this carbonyl group may be any 
of a large variety of compounds, e.g. a peptide, an amino acid, ammonia, 
aniline, hydrazine, hydroxylamine, an alcohol, a thiol, etc. (33). Thus, it 
is likely that there is no direct interaction between this latter moiety and 
the enzyme. The fact that amides and the corresponding esters are hy- 
drolyzed at approximately the same rate by papain (2) supports this hy- 
pothesis. Gutfreund (38) has obtained essentially the same results in 
studies of the hydrolysis of BAA and BAEE by the similar sulfhydry] 
enzyme, ficin. He has also suggested that the rate-determining step in 
the two reactions, z7.e. ester and amide hydrolysis, occurs when the enzyme- 
substrate compounds are already identical, that is when the thiol-acy] 
bond is being hydrolyzed. 

Postulation of an intermediate such as III is necessary to explain the 
efficiency of papain in catalyzing transfer reactions, since the replacement 
reagent R-NH:2 is competing with the ions of water for the hydrolytic reac- 
tion. The expected free energy change for the hydrolysis of the thiol ester 
bond would indicate that the equilibrium would be greatly in favor of hy- 
drolysis. Thus, synthetic reactions catalyzed by papain would be expected 
to be slower than hydrolytic or transfer reactions which is known to be the 
case. 

From the kinetic formulation presented above, it is apparent that the 
over-all reaction does not depend on a single reaction constant, ko, but on 
a more complex expression involving two reaction steps, ko’ and ko”. One 
of these steps may be assumed to represent the hydrolysis of the thiol ester. 
Chemical hydrolysis of esters can be catalyzed by either hydrogen or hy- 
droxyl ions. Since ko is unchanged in a medium of D,.O, this step may 
not be catalyzed by hydrogen ions, and it is possible that cleavage of the 
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thiol ester occurs by attack of OH- ion. The maximum at pH 6.9 for the 
constant calculated as ky at 38° and at pH 4.5 for the rate-limiting constant 
at 5° should provide clues leading to the elucidation of this mechanism. 
However, additional kinetic data with other substrates, and a knowledge 
of the structure of the active center of the enzyme, will be necessary in 
order to understand fully the mechanism of the reaction. © 

It should be emphasized that in the reaction scheme of Fig. 15, there has 
been no attempt to explain all the features of papain specificity nor to 
indicate the number of steps from I to IV. Indeed, it is likely that other 
groups on the substrate may also interact with the enzyme. Postulation 
of a three-point interaction may be necessary to explain the optical spec- 
ificity of papain. For the present, the scheme of Fig. 15 may be regarded | 
as 4 minimal one and as a reasonable working hypothesis. 


SUMMARY 


1. The kinetic parameters K,, and kp have been determined under a 
wide variety of conditions for the papain-catalyzed hydrolysis of a-benzoyl- 
L-argininamide. The optimal pH for ko at 5° is markedly different from 
the optimal pH obtained at 38° or 66°. This finding together with other 
evidence has been interpreted as a change in the chemical nature of the 
rate-limiting reaction measured by ky under certain conditions. 

2. Evidence has been obtained which supports the interpretation of 
K,, as the stationary state constant ko/k,; under most conditions studied. 

3. The velocity constant for formation of HS, k;, appears to be de- 
pendent on the dielectric constant of the medium and probably involves 
the interaction of ions or dipoles of like charge. The variation of k; as a 
function of pH at 5°, 38°, and 66° suggests that this velocity constant 
possesses a broad pH maximum at the three temperatures. The data 
suggest that the k, step requires the presence of two titratable groups at 
the active site of the enzyme. These groups are probably an ionized 
8-carboxy] group and an un-ionized sulfhydryl group. 

4. An expression has been derived for the velocity of the reaction by 
assuming that the rate constant ko represents a combination of two rate 
constants of comparable magnitude. This rate equation is consistent 
with the data obtained in these studies. 

5. Carbobenzoxy-L-glutamic acid and carbobenzoxy-L-aspartic acid are 
inhibitors of papain when the w-carboxyl group is un-ionized. The inhi- 
bition appears to be of the non-competitive reversible type or of a mixed 
character. 

6. In a medium of D20 at pD 5.3 at both 38° and 5°, ko is apparently 
unchanged from its value in H,O. 

7. A possible mechanism for papain-catalyzed hydrolysis is postulated. 
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This scheme appears to be consistent with available information concern- 
ing this enzyme. 


SS 
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MECHANISM OF FLAVOPROTEIN-CATALYZED PYRIDINE 
NUCLEOTIDE TRANSFER REACTIONS* 


By MORTON M. WEBER,t NATHAN O. KAPLAN, ANTHONY 
SAN PIETRO, anno FRANCIS E. STOLZENBACH 


(From the McCollum-Pratt Institute, The Johns Hopkins University, 
Baltimore, Maryland) 


(Received for publication, November 16, 1956) 


It has been reported previously (1, 2) that FAD!" enzymes catalyze a 
reaction between reduced pyridine nucleotides and the respective 3-acetyl- 
pyridine analogues of the oxidized nucleotides as follows: 


(1) DPNH + acetylpyridine DPN*+ — DPN?t + acetylpyridine DPNH 
(2) TPNH + acetylpyridine TPN*+ — TPN* + acetylpyridine TPNH 


It was also demonstrated that these enzymes exhibited specificity towards 
both the reduced pyridine nucleotide and the analogue as electron (or 
hydrogen) donor and acceptor, respectively, and appeared to be different 
from the transhydrogenase of Pseudomonas fluorescens (3-5). Further- 
more, even though only the FAD enzymes tested seem to catalyze this 
transfer reaction, FAD did not appear, under the conditions described, to 
be involved as an intermediate electron or hydrogen carrier. In view of 
this finding, it was suggested that a reduced enzyme was involved in this 
transfer reaction. In an attempt to elucidate the mechanism of this trans- 
fer, we have determined whether the pig heart diaphorase catalyzes a 
direct hydrogen or electron transfer. 

It will be shown that the reaction involves electron rather than hydrogen 


* Contribution No. 181 of the McCollum-Pratt Institute. This investigation was 
aided by grants from the American Cancer Society, as recommended by the Com- 
mittee on Growth of the National Research Council, and the National Cancer Insti- 
tute, National Institutes of Health (grant No. C-2374(C)). 

t Postdoctoral Fellow in Cancer Research of the American Cancer Society. Pres- 
ent address, Department of Bacteriology and Immunology, Harvard Medical School, 
Boston 15, Massachusetts. 

1 The following abbreviations are used: DPN and DPNH, oxidized and reduced 
diphosphopyridine nucleotide, respectively; TPN and TPNH, oxidized and reduced 
triphosphopyridine nucleotide, respectively; acetylpyridine DPN and acetylpyri- 
dine DPNH, oxidized and reduced 3-acetylpyridine analogues of DPN, respectively; 
acetylpyridine TPN and acetylpyridine TPNH, oxidized and reduced 3-acetyl- 
pyridine analogues of TPN, respectively; DPN(D) and DPND, oxidized and reduced 
deuterio-DPN, respectively; DPND (Form A) and DPND (Form B), reduced deu- 
terio-DPN as stereoisomers Forms A and B, respectively; FAD, flavin adenine dinu- 
cleotide. 
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transfer, and that the enzyme shows some selectivity for Side 2 of reduced | 


DPN, which is the side opposite to that involved in the yeast alcohol de- 
hydrogenase reaction. This stereospecificity of the yeast alcohol dehydro- 
genase with respect to other enzymes has recently been reviewed by Ven- 
nesland (6) and San Pietro (7). Evidence will also be presented to show 
that the enzyme catalyzes an exchange between the hydrogen of DPNH 


or acetylpyridine DPNH and the medium (D20). This reaction also shows | 
selectivity for Side 2 of reduced DPN. Since this work was completed, | 


Drysdale and Cohn (8), in a preliminary report, have also indicated the 
stereospecificity of the exchange between reduced DPN and water, which 
is catalyzed by flavoproteins. 


(1) (2) (1) (2) 
) H D 


FORM A FORM B 


Fic. 1. Stereoisomers of reduced deuteriopyridine nucleotides. As defined here, 
Form A, containing deuterium on Side 1 of the pyridine ring, corresponds to the 
product of the reaction with yeast alcohol dehydrogenase and 1, 1-dideuterioethanol. 
Form B is the opposite stereoisomer. 


Materials and Methods 
Coenzymes and Other Materials—DPN of 90 per cent purity was ob- 


tained from the Pabst Laboratories; DPNH was prepared enzymatically — 


by the method of Pullman e¢ al. (9). Acetylpyridine DPN was prepared 
enzymatically by an exchange reaction catalyzed by pig brain DPNase 
as described by Kaplan and Ciotti (10, 11). The acetylpyridine analogue 
of reduced DPN was prepared enzymatically with ethanol and yeast al- 
cohol dehydrogenase. Enzymatically reduced deuterio-DPN, with the 
reduced deuteriopyridine nucleotide in Form A (see Fig. 1), was prepared 
by means of yeast alcohol dehydrogenase and 1,1-dideuterioethanol. 
Deuterium-labeled oxidized DPN was prepared as described by San Pietro 
(12). Enzymatically reduced deuterio-DPN, with the reduced deuterio- 
pyridine nucleotide in Form B (Fig. 1), was prepared by reduction of the 
deuterium-labeled oxidized DPN with ethanol and yeast alcohol dehydro- 
genase. 
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Measurements—The formation of reduced analogue was measured spec- 
trophotometrically in a Beckman model DU spectrophotometer. All 
compounds isolated for deuterium determinations were identified spectro- 
photometrically. The samples were analyzed for deuterium content in 
the usual manner (13). 

Enzymes—Purified pig heart diaphorase was prepared by the method of 
Straub (14). Purified DPNase was prepared from zinc-deficient Neuro- 
spora according to the method of Kaplan e¢ al. (15). Crystalline yeast 
alcohol dehydrogenase was obtained from the Worthington Biochemical 
Corporation. 


Results 


Transfer Reaction between DPNH and Acetylpyridine DPN in D,O—In 
order to determine whether the transfer reaction, catalyzed by diaphorase, 
involved an electron or a direct hydrogen transfer mechanism, the reaction 
was carried out in DO. The results of two similar experiments (Table I) 
show that the acetylpyridine DPNH formed was labeled with deuterium, 
thereby indicating an electron transfer mechanism. As noted in Table I, 
the values given for the atoms of D per molecule have not been corrected 
for purity. If, however, the purity of the acetylpyridine DPNH as isolated 
is considered, then the atoms of D per molecule would be greater than 1.? 

Stereospecificity of Transfer Reaction—The results of experiments de- 
signed to elucidate the stereospecificity of the reaction are presented in 
Table II. As can be seen, the acetylpyridine DPNH isolated after the 
reaction had gone to completion, in both experiments, contained no deu- 
terium. This finding confirms the conclusion presented above that the 
mechanism of the reaction involves electron transfer. Furthermore, in 
Experiment 1, where DPND (Form A) was used, the nicotinamide isolated 
from the DPN formed in the reaction contained 0.64 atom of D per mole- 
cule. The starting DPND (Form A) contained 1.05 atoms of D per mole- 
cule; therefore, more than 60 per cent of deuterium remained in the DPN 
after the reaction had gone to completion. However, in Experiment 2, 
in which DPND (Form B) containing 0.72 atom of D per molecule was 
used, both the acetylpyridine DPNH and the nicotinamide isolated from 
the DPN at the end of the reaction contained no significant amount of 
deuterium. The deuterium from the DPND (Form B) presumably ex- 
changed with the hydrogen of the medium and was consequently diluted. 
These results indicate that the enzyme shows a greater affinity for the 
hydrogen on Side 2 of reduced DPN. 

These experiments also rule out an isotope effect which could have been 
invoked in Experiment 1, where 60 per cent of the deuterium remained in 


2 The purity of the acetylpyridine DPNH was 32 per cent as estimated by reaction 
with yeast alcohol dehydrogenase and acetaldehyde. 
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the DPN at the end of the reaction. If an isotope effect were in operation, — 


then the nicotinamide isolated from the DPN in Experiment 2 would also 
have 60 per cent of the deuterium remaining. As can be seen, this was 
not the case. 


TABLE I 


Reaction between DPNH and Acetylpyridine DPN in D,O Catalyzed by Diaphorase: — 


DPNH + Acetylpyridine DPN ft DPN + Acetylpyridine DPND 


The reaction mixture in Experiment 1 contained 55 ymoles of DPNH, 93.7 umoles | 


of acetylpyridine DPN, 170 uwmoles of phosphate buffer, pH 7.5, and 12.5 mg. of di- 


aphorase protein diluted to a total volume of 10 ml. with D2,0; in Experiment 2, it | 


contained 87 uwmoles of DPNH, 131 wmoles of acetylpyridine DPN, 170 umoles of 
phosphate buffer, pH 7.5, and 19 mg. of diaphorase protein diluted to a total volume 
of 10 ml. with D,O. The reactions were started with enzyme. Samples were re- 
moved at intervals over a period of 2.5 hours and assayed for acetylpyridine DPNH. 
At the end of this time, the pH was adjusted to 9.5 with KOH and the reaction mix- 
tures were placed in a boiling water bath for 2 minutes. The denatured protein was 
removed by centrifugation and the supernatant solutions again analyzed for acetyl- 
pyridine DPNH, acetylpyridine DPN, and DPN. No appreciable acetylpyridine 
DPN or DPN was present. Acetylpyridine DPNH was then isolated from the super- 


natant solutions in the following manner: Barium acetate was added and the pre- © 


cipitates were removed by centrifugation and discarded. 5 volumes of cold ethanol 
were added and the solutions kept at 0° for 1 hour. The precipitates were collected 
by centrifugation, dissolved in 20 ml. of H.O, and left at room temperature for 30 
minutes in order to remove any exchangeable deuterium. 5 volumes of cold ethanol 
were added and allowed to remain at 0° for 30 minutes before centrifugation. (The 


process of dissolving the precipitates in H2O, incubating at room temperature, and © 


reprecipitation with cold ethanol was repeated three times.) The precipitates 
were then washed by centrifugation with ethanol-water (4:1 by volume) and with 


ether in the cold. They were dried in vacuo over P2O5, and analyzed for deuterium. 


Deuterium content in 
acetylpyridine DPND 
Electron donor Electron acceptor 
Atom per | Atom per 
cent excess moleculet 
1 DPNH Acetylpyridine DPN 95 1.50 0.42 
2 93.3 1.31 0.36 


* Calculated value. 
Tt Values uncorrected for purity. 1 atom of deuterium per molecule of acetyl- 
pyridine DPNH corresponds to a value of 3.6 atom per cent excess. 


Diaphorase-Catalyzed Exchange Reaction between DPNH or Acetylpyridine 
DPNH and Medium (D,O)—It was suggested earlier (1, 2) that, although 
only the FAD enzymes carried out the transfer reaction, FAD did not 
appear to be the intermediate electron carrier. In consequence, it was 
postulated that the enzyme itself was capable of undergoing reduction, 
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TABLE II 


Reaction between DPND (Form A) or DPND (Form B) and Acetylpyridine DPN in 


H,0 Catalyzed by Diaphorase: DPND (Form A) + Acetylpyridine DPN = - 


DPN(D) + Acetylpyridine DPNH; DPND (Form B) + Acetylpyridine DPN 


10 , DPN + Acetylpyridine DPNH 


The reaction mixture in Experiment 1 contained 48.4 zmoles of DPND (Form A), 
and 90.4 umoles of acetylpyridine DPN; in Experiment 2, it contained 63.2 umoles 
of DPND (Form B), and 83 ywmoles of acetylpyridine DPN. In addition, both 
reaction mixtures contained 170 umoles of phosphate buffer, pH 7.5, and 12.5 mg. of 
diaphorase protein diluted to a total volume of 10 ml. with H,O. The reactions 
were started with enzyme. Samples were removed at intervals over a period of 2 
hours and assayed for acetylpyridine DPNH. At the end of this time, 0.02 ml. of 
purified Neurospora DPNase was added, to hydrolyze nicotinamide from DPN. 
After incubation for 1 hour, the pH was adjusted to 9.5 with KOH, and the reaction 
mixtures were placed in a boiling water bath for 2 minutes. The denatured protein 
was removed by centrifugation, and the supernatant solutions were again analyzed 
for acetylpyridine DPNH, acetylpyridine DPN, and DPN. Noacetylpyridine DPN 
or DPN could be detected. Barium acetate was added to the supernatant solutions 
and the precipitate removed by centrifugation and discarded. 5 volumes of cold 
ethanol were added to the supernatant solutions and kept at 0° for 1 hour, after 
which they were centrifuged. The supernatant solutions were used for the isolation 
of nicotinamide. The precipitates, containing acetylpyridine DPNH, were treated 
as described in Table I. The supernatant solutions which contained nicotinamide 
were taken to dryness in vacuo, and the residue dissolved in H2O and assayed for 
nicotinamide. The pH was adjusted to 8.0 with NH,OH and the solution placed on 
a Dowex 1-formate column. The nicotinamide was eluted with water and diluted 
23.5-fold with carrier nicotinamide. The solution was taken to dryness in vacuo, 
and the nicotinamide crystallized from hot benzene, and analyzed for deuterium. 


Deuterium content in Deuterium content in 
nicotinamide from 
NHt DPN{ 


Electron donor*; Electron acceptor Medium 


Atom per | Atom per} Atom per | Atom per 
cent excess) molecule |cent excess’ molecule 


1 DPND Acetylpyridine H,0 0.19 0.05 10.7 0.64 
(Form A)} DPN 
2 DPND Acetylpyridine - 0.03 0.01 1.7 | 0.10 
(Form B)} DPN 


* DPND (Form A) contained 1.05 atoms of D per molecule. DPND (Form B) 
contained 0.72 atom of D per molecule. 

t Values uncorrected for purity. 1 atom of deuterium per molecule of acetyl- 
pyridine DPNH corresponds to a value of 3.6 atom per cent excess. 

t Values corrected for dilution with carrier nicotinamide. 1 atom of deuterium 
per molecule of nicotinamide corresponds to a value of 16.7 atom per cent excess. 


and in the reduced form could transfer electrons to the analogue. To test 
this hypothesis, the experiments described in Table III were performed. 
While these experiments neither conclusively eliminated the role of FAD 
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in the reaction nor established the direct participation of the enzyme in | 
the transfer reaction, they did indicate an exchange reaction between | 


III 


Reactions Involving Exchange between Hydrogen of DPNH or Acetylpyridine DPNH | 
and Medium (D.O) Catalyzed by Diaphorase 


The reaction mixtures in all experiments contained 170 wmoles of phosphate buf- — 
fer, pH 7.5, and, in addition, the following: Experiment 1, 59.8 wmoles of DPNH, 
105.7 wmoles of DPN, and 12.5 mg. of diaphorase protein; Experiment 2, 56.4 umoles 
of DPNH, 0.05 ml. of purified Neurospora DPNase, and 12.5 mg. of diaphorase pro- 
tein; Experiment 3, 126.8 wmoles of DPNH and 19 mg. of diaphorase protein; Ex- © 
periment 4, 38.1 wmoles of acetylpyridine DPNH and 12.5 mg. of diaphorase protein. 
All reaction mixtures were diluted to a total volume of 10 ml. with D,O. Reactions 
were started with enzyme, and incubated at room temperature anaerobically in an © 
evacuated Thunberg tube for 3.5 hours. The reaction mixture in Experiment 3 was © 
incubated for 6 hours. After these periods of incubation, the pH was adjusted to 
9.5 with KOH and the reaction mixtures were placed in a boiling water bath for 2 — 
minutes. The denatured protein was removed by centrifugation, and barium ace- 
tate was added to the supernatant solutions. The resulting precipitates were dis- 
carded after centrifugation. 5 volumes of cold ethanol were added to the super- © 
natant solutions containing the barium salts of DPNH or acetylpyridine DPNH, 
and the solutions kept at 0° for 1 hour. The precipitates were collected by centrifu- 
gation, dissolved in 20 ml. of H.O, and left at room temperature for 30 minutes in 
order to remove any exchangeable deuterium. 5 volumes of cold ethanol were added 
and the solutions kept at 0° for 30 minutes before centrifugation. The precipitates 
were then treated as described in Table I. In Experiments 2 and 3 the isolated 
DPND was diluted with carrier glycine before analyzing for deuterium. 


Deuterium content in © 
D:0 nucleotide isolatedt 


Experiment Electron donor Electron | content | Nucleotide isolated 


acceptor 
medium Atom per | Atom per 
cent excess' mo 


1 DPNH DPN 95 DPND 1.34 0.36 — 

2 None 99.5 4.01 1.08 

3 93.3 2.74 | 0.74 | 

4 Acetylpyridine “8 95 Acetylpyridine 1.74 0.48 
DPNH DPND 


* Calculated value. 

t The deuterium values in Experiments 2 and 3 have a higher degree of accuracy 
than those in Experiments 1 and 4 because the DPND isolated in the former ex- 
periments was diluted with glycine before analysis, and the values given are cor- 
rected for dilution. The other values are uncorrected for purity. 1 atom of deu- 
terium per molecule corresponds to a value of 3.7 atom per cent excess for DPNH 
and 3.6 atom per cent excess for acetylpyridine DPNH. 


DPNH or acetylpyridine DPNH and the medium. As can be seen (Table 
III, Experiment 1), when DPNH and DPN are used as electron donor 
and acceptor, respectively, the DPNH isolated contained 0.36 atom of D 


>in 
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per molecule. Since it was not apparent from this experiment whether 
oxidized DPN was necessary for this exchange, Experiments 2 and 3 were 
performed. In Experiment 2 Neurospora DPNase was added to cleave 
any DPN which might be formed in the course of the reaction. Experi- 
ment 3 contained no DPNase. The DPNH present at. the end of the 
incubation period in Experiments 2 and 3, respectively, contained 1.08 
and 0.74 atoms of D per molecule. These results clearly demonstrate 
that the hydrogen of DPNH is exchangeable with the medium (D.O) 
under these conditions. The lower value of 0.74 in Experiment 3, which 


TaBLeE IV 


Oxidation of DPND Formed in Exchange Reaction| by Acetaldehyde and Alcohol 
Dehydrogenase, and Isolation of Nicotinamide from Resultant DPNH 


The reaction mixture contained 37.4 uwmoles of DPND isolated in Experiment 3, 
Table III, 0.6 mmole of phosphate buffer, pH 7.5, 3.6 mmoles of acetaldehyde, and 
0.1 ml. of crystalline yeast alcohol dehydrogenase in a total volume of 5.7 ml. The 
reaction was started with alcohol dehydrogenase and incubated at 37° for 30 minutes. 
After complete oxidation of the DPND, 0.05 ml. of purified Neurospora DPNase 
was added to the reaction mixture and incubated at 37° for 1 hour. After this 
period of time, no DPN remained. The reaction mixture was placed in a boiling 
water bath for 3 minutes and cooled, and the denatured protein removed by cen- 
trifugation. The resultant supernatant solution was analyzed for nicotinamide and 
placed on a Dowex 1-formate column. The nicotinamide was eluted with H,0O, 
diluted 14.4 times with carrier nicotinamide, isolated by crystallization from ben- 
zene, and analyzed for deuterium. 


. , Deuterium content in nicotinamide after alcohol 
Deuterium content in DPND dehydrogenase and DPNase treatment* 
Atom per cent excess Atom per molecule Atom per cent excess Atom per molecule 
2.74 0.74 8.2 0.49 


* Values corrected for dilution with carrier nicotinamide. 1 atom of deuterium 
per molecule of nicotinamide corresponds to a value of 16.7 atom per cent excess. 


contained no DPNase, is presumably due to a larger initial concentration 
of DPNH. These experiments indicate that the exchange reaction be- 
tween the hydrogen of DPNH and the medium does not require the pres- 
ence of oxidized DPN. A similar exchange has been noted (Table III, 
Experiment 4) between acetylpyridine DPNH and the medium. 

It should be noted that the deuterium values obtained in Experiments 
2 and 3 are not quantitatively comparable to those in Experiments 1 and 
4 because of the difference in the accuracy of the measurements (see 
Table III, footnote). 

Stereospecificity of Exchange Reaction—It was indicated earlier that the 
diaphorase-catalyzed electron transfer reaction between DPNH and acetyl- 
pyridine DPN appears to show a greater affinity for Side 2 of reduced DPN. 
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It was of interest, therefore, to determine whether the enzyme also shows 
this specificity for the exchange reaction between DPNH and D,O. The 
DPND isolated in Experiment 3, Table III, which contained 0.74 atom of 
D per molecule, was oxidized with acetaldehyde and yeast alcohol dehydro- 
genase. The DPN formed was treated with Neurospora DPNase and the 
resultant nicotinamide isolated as described in Table IV. As alcohol de- 
hydrogenase acts on Side 1 of reduced DPN, then, if deuterium is found 
in the nicotinamide, it would indicate that the deuterium in the DPND 
is located on Side 2. As can be seen in Table IV, the nicotinamide iso- 
lated contained 0.49 atom of D per molecule as compared to 0.74 atom of 
D per molecule in the starting DPND. It is apparent therefore that 69 
per cent of the DPND formed in the exchange reaction isin Form B. Here 
again, as in the transfer reaction, the enzyme appears to show a greater 
affinity for Side 2 of reduced DPN. 


DISCUSSION 


It has been possible with the use of D2O to demonstrate that the mech- 
anism of the transfer reaction between DPNH and acetylpyridine DPN, 
catalyzed by pig heart diaphorase, involves an electron rather than a 
direct hydrogen transfer. It was also shown that in addition to the trans- 
fer reaction there is an enzyme-catalyzed exchange reaction between the 
hydrogen of DPNH or acetylpyridine DPNH and the medium (D,0). 
Although not indicated in Tables I to IV, no significant transfer or ex- 
change was evident in the absence of the pig heart diaphorase. 

Of interest are the data on the stereospecificity which indicate that the 
enzyme has an affinity for Side 2 of reduced DPN. This stereospecificity 
is the same for both the transfer and the exchange reactions. Of further 
interest is the fact that these results concerning stereospecificity show a 
similarity to the chemical reduction of DPN in D,O with dithionite. In 
this non-enzymatic reduction the stereoisomers formed are approximately 


70 per cent in Form A and 30 per cent in Form B. However, in both the © 


transfer and the exchange reactions described here, it appears that the 
enzyme catalyzes the removal or exchange of hydrogen or deuterium from 
Form A at approximately 30 per cent of the rate of Form B. 

No identification of the stereoisomer of acetylpyridine DPND, formed 
in both the transfer and exchange reactions, was possible, as it is not known 
whether yeast alcohol dehydrogenase catalyzes the removal of hydrogen 
or deuterium from the same side of acetylpyridine DPNH or acetylpyridine 
DPND as it does from DPNH or DPND. This determination, therefore, 
awaits data on the stereospecificity of the oxidation of acetylpyridine 
DPNH catalyzed by yeast alcohol dehydrogenase. The possibility that 
the observed stereospecificity is due to an isotope effect has been ruled 
out. 
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In view of the findings presented in this and previous papers (1, 2), it 
may be proposed that the electron-transferring system involves a series of 
reactions with (a) a direct transfer of an electron to a grouping on the 
enzyme forming a reduced protein, (b) release of H+ to make a semireduced 
DPN, and (c) subsequent transfer of an electron to an acceptor. The 
following is a schematic representation of the reactions involved in the 
catalysis of transfer of electrons from DPNH to acetylpyridine DPN, 
where X refers to some reducible group on the enzyme: 


1 3 
DPNH enzyme X acetylpyridine DPNH 
4 


[s 


H,O 


With D.O in the medium, the following reactions were shown to occur: 
Reactions 1, 2, and 5 in the presence of enzyme and DPNH, and Reactions 
3, 4, and 5 with enzyme and acetylpyridine DPNH. Reactions 1, 2, 3, 4, 
and 5 probably operate simultaneously when enzyme, DPNH, and acetyl- 
pyridine DPN are present. However, as mentioned previously (2), the 
enzyme does not catalyze the reduction of DPN when acetylpyridine 
DPNH acts as electron donor, presumably because of an unfavorable 
potential. 

The rate of exchange of hydrogen between DPNH or acetylpyridine 
DPNH and H.0O in Reactions 1, 2, and 5 or in Reactions 3, 4, and 5 would 
be a function of the rate of transfer of electrons from DPNH to acetyl- 
pyridine DPN. Therefore, it would appear that the means of clarifying 
the mechanism of this transfer reaction would be to determine the rate of 
DPNH and acetylpyridine DPNH exchange with D.O, and, in knowing 
the rate of formation of acetylpyridine DPNH from DPNH and acetyl- 
pyridine DPN, the reaction sequence could be ascertained. 

The confirmation of an electron transfer mechanism in the reaction was 
indicated by the experiments cited in Table II. If a direct hydrogen 
transfer were involved, then the acetylpyridine DPNH isolated from the 
diaphorase-catalyzed transfer from DPND (Form A) or DPND (Form B) 
to acetylpyridine DPN would have been labeled with deuterium. As was 
shown, this was not the case. 

The present results reinforce the earlier evidence that this transfer re- 
action is different from that catalyzed by the Pseudomonas transhydro- 
genase which catalyzes a stereospecific, direct hydrogen transfer (16). 

Proof for an involvement of a reduced enzyme as the intermediate elec- 
tron carrier is still lacking. However, the enzyme-catalyzed exchange 
reaction between DPNH or acetylpyridine DPNH and D,.O suggests that 
such a mechanism may be operating. Further experiments are still essen- 
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tial before FAD can be definitely ruled out as the immediate acceptor of 
electrons from the reduced coenzymes. 


SUMMARY 


1. With deuterium as a tracer, the reduction of acetylpyridine DPN by 
DPNH, catalyzed by pig heart diaphorase, has been found to involve an 
electron rather than a direct hydrogen transfer mechanism. In addition, 
it has been shown that the enzyme also catalyzes an exchange between 
the hydrogen of DPNH or acetylpyridine DPNH and D,.0. 

2. Although the evidence does not show absolute enzymatic stereospec- 
ificity, the enzyme appears to have some selectivity for Side 2 of reduced 
DPN in catalyzing the transfer and exchange reactions. This is the side 
opposite to that involved in the yeast alcohol dehydrogenase reaction. 

3. Further evidence has been presented to prove that the enzyme is 
different from the Pseudomonas transhydrogenase, and a scheme for the 
mechanism of the reaction is presented. 
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Information on steroid concentrations in tissues is important for an 
understanding of the metabolism of these substances and also for diagnos- 
tic purposes in certain clinical conditions. Existing procedures for deter- 
mining steroids, either singly or in mixtures, are based upon colorimetric 
methods or tedious bioassays. The merits and limitations of these pro- 
cedures have been critically appraised (1-3), their principal drawbacks 
being lack of specificity and sensitivity. This paper concerns the micro- 
estimation of steroid hormones and their metabolites by enzymatic methods 
suitable for the measurement of these compounds in biological systems, and 
which appear to offer the promise of a high degree of sensitivity and spec- 
ificity. Enzymatic steroid assays depend upon the quantitative intercon- 
version of certain hydroxy- and ketosteroids by highly purified DPN!-linked 
hydroxysteroid dehydrogenases prepared from Pseudomonas testosteroni 
(4-6). The accompanying changes in DPNH concentration are determined 
spectrophotometrically at 340 my (7) and constitute a stoichiometric 
measure of the amount of steroid oxidized or reduced. The enzymatic 
microestimation of steroids was demonstrated in 1953 (4) and its applica- 
tions extended when more highly purified hydroxysteroid dehydrogenases 
became available (6). The enzymatic estimation of urinary steroids has 
been reported briefly (8). The present paper contains a detailed exami- 
nation of the principles of the enzymatic measurements of steroids and 
considers their specificity, sensitivity, and accuracy. 

At this time, two hydroxysteroid dehydrogenases are suitable for analyt- 
ical purposes by virtue of their purity and high activity and a knowledge 
of their substrate specificities. The enzymes are highly active because of 
their inductive (adaptive) nature, and increases in specific activity of 
several 100-fold have been easily achieved by adding various steroids to 
the growth medium (6). The substrate specificities of these hydroxy- 
steroid dehydrogenases have been described in detail (9, 10). In brief, 


* This investigation was supported by grants from the American Cancer Society. 

t Scholar in Cancer Research of the American Cancer Society. 

1 The following abbreviations are used: DPN = diphosphopyridine nucleotide; 
DPN* = oxidized diphosphopyridine nucleotide; DPNH = reduced diphosphopyr- 
idine nucleotide; DPNase = diphosphopyridine nucleotidase. 
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Sa-hydroxysteroid dehydrogenase (designated as a enzyme) catalyzes the 
reversible oxidation of 3a-hydroxysteroids of the Cis, Co, and Cx series, 
whereas 38- and 178-hydroxysteroid dehydrogenase (designated as 6 enzyme) 
reversibly interconverts 38- and 178-hydroxysteroids and the corresponding 
ketones. In order to employ these enzymes for the accurate estimation 


of steroids in urine, blood, and other tissues, a study of the factors influ- — 
encing reaction equilibria was undertaken with a view to establishing | 
conditions under wiich conversions are quantitative in the desired direc- — 


tion and under which interference from reaction products or inhibitors is — 


negligible. 
EXPERIMENTAL 
Equilibrium Considerations 


The reactions catalyzed by these pyridine nucleotide-linked dehydro- 
genases are of the general type: 


CHOH + DPN* oe + DPNH + Ht 


The oxidations of steroids are freely reversible and the equilibria may 
be displaced to the right (forward-reaction) or to the left (back-reaction) by 
employing mass action principles. 

Forward-Reaction—The quantitative conversion of a steroid alcohol to 


ketone is favored by raising the pH of the reaction mixture, increasing the © 


DPN? concentration, and adding a ketone-binding reagent. The influence 
of pH on the velocity and equilibrium of the conversion of androsterone 
to androstane-3 ,17-dione by a enzyme is shown in Fig. 1. A high pH is 
advantageous in that the velocity of the oxidation is increased and equi- 
librium is attained more rapidly. Assurance of the displacement of the 
equilibrium to completion in the forward-reaction has been obtained by 
incorporating a ketone-binding reagent into the reaction mixture. Hydra- 
zine is both convenient and effective in this respect, and its use is illus- 
trated in Fig. 2, which shows the rate and equilibrium of the conversion 
of pregnane-3a,17a,21-triol-11,20-dione to its corresponding 3-ketone in 
the presence of varying concentrations of hydrazine at pH 7.8. Hydrazine 
is without significant influence on the initial reaction rate, but high con- 


Pew ST 


centrations of hydrazine permit the reaction to attain equilibrium more | 


rapidly. By using hydrazine (0.3 m final concentration) in a reaction 
mixture of pH 9.5, advantage is taken of the greater efficiency of the re- 
action between hydrazine and ketones in basic solutions. Other ketone- 
combining reagents such as hydroxylamine (final concentration 1.0 m) and 
semicarbazide (final concentration 0.5 m) were also effective in shifting the 


ro- 
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equilibrium, but these compounds inhibited the reaction rate of a enzyme 
slightly. Hydroxylamine is also undesirable because of its reaction with 
(11). 


.200 T 
ANDROSTERONE +DPN*—» ANDROSTANE -3,17-DIONE + DPNH +H” 
pH 9.75 
: 
/ pH 9.05 
150 / 
oH 80! 
E 
7 
pH 7.27. 
4 
.050 
pH6IS 
5 10 20 
= MINUTES 


Fig. 1. Time course of the oxidation of androsterone to androstane-3,17-dione 
by a enzyme at varying pH values. Reactions were carried out in 3.0 ml. volumes in 
cuvettes containing 100 wmoles of Sorensen’s phosphate (pH 6.18 to 8.01) or sodium 
pyrophosphate (pH 9.05 and 9.75) buffer, 0.5 umole of DPN*, 0.085 umole of andros- 
terone in 0.1 ml. of CH;OH, and 33 units of a enzyme. Optical densities were 
measured at 340 my at intervals against blank cells containing no steroid. Tempera- 
ture, 25°. 


Back-Reaction—The attainment of complete reductions of ketosteroids 
to steroid alcohols presents a more complicated problem. The equilibrium 
can be displaced in the desired direction by increasing the DPNH concen- 
tration and by lowering the pH (Table I). In practice, only limited use 
can be made of these factors, since DPNH is unstable in solutions more 
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acid than pH 5.5, and the concentration of DPNH must be kept quite low 
in order to permit accurate measurement of the decreases in optical density. 
However, for pure steroids the assays are satisfactory, as shown in Fig. 3, 
which demonstrates the equivalence of assays of epiandrosterone in for- 
ward- and back-reactions. 
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Fic. 2. Time course of the oxidation of pregnane-3a, 17a, 21-triol-11, 20-dione by 
a enzyme in the presence of varying concentrations of hydrazine (0 to 1.0 M final 
concentration), as measured by the formation of DPNH at 340 my. The reactions 


were carried out in 3.0 ml. volumes containing 100 wmoles of Sorensen’s phosphate 


buffer, pH 7.8, 0.5 umole of DPN*, 0 to 3 mmoles of hydrazine, and 0.130 umole of 
steroid in 0.025 ml. of CH;OH. The reaction was initiated by the addition of 2150 
units of a enzyme (specific activity, 47,000 units per mg. of protein). Temperature 
25°. 


Two methods for obtaining complete reductions in the back-reaction 
were investigated. By use of relatively large amounts of DPNH, the 
reduction of steroid was permitted to proceed to completion, the absorption 
of the excess DPNH at 340 my was destroyed by addition of HCl to pH 1, 
and the DPN*+ was measured by its complex with cyanide in alkaline solu- 
tion (12). This gave satisfactory values with pure steroids, provided that 
the DPNH did not contain DPNt. If the concentration of enzymatically 
prepared DPNH was raised sufficiently to drive the reaction to completion, 
there was interference from the a isomer (13) of DPN*+ which is present 
in enzymatically prepared DPNH, since the a isomer reacted with cyanide 


—e 
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but was not reduced during the enzymatic preparation. In the chemical 
reduction of DPN+ with Na.S.O;, both isomers react, but, in order to 
obtain a product suitable for measurement of small amounts of steroids 
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Fic. 3. Enzymatic measurement of epiandrosterone with 8 enzyme by forward- 
reaction (©) and by back-reaction (™). Conditions for the forward-reaction were 
as follows: 100 zmoles of pyrophosphate buffer, pH 9.0, 0.5 umole of DPN*, appro- 
priate amounts of epiandrosterone in 0.05 ml. of CH;OH, all in a total volume of 3.0 
ml. Reactions were initiated by addition of 0.02 ml. of 8 enzyme (118 units of spe- 
cific activity 15,300 units per mg. of protein). Increases in optical density at equili- 
brium were determined at 340 mu. Back-reactions were carried out in 3.0 ml. volumes 
containing 100 zmoles of Sorensen’s phosphate buffer, pH 5.5, 0.5 umole of chemically 
reduced DPNH, appropriate amounts of epiandrosterone in CH;OH, and 6 enzyme 
as in the forward-reaction. Decreases in optical density (340 mu) were measured at 
equilibrium against a blank containing no steroid and set for an optical density of 
0.250. Temperature 25°. 


in the back-reaction by the cyanide complex, virtually all traces of DPNt 
must be eliminated, and this presents a goal not easily achieved in routine 
preparations. 

An alternative method for attaining completion in the reduction of 


| 

OW 

3, 

| 
1al 
ns 
te 
of 

50 

re 

mn 
he 
on 

l, 

u- 

at 

ly 

n, | 
nt 

e 


42 ENZYMATIC MEASUREMENT OF STEROIDS 


steroid ketones is the removal of the oxidized DPN+ formed during the — 


reaction by DPNase from zinc-deficient Neurospora (14). This enzyme | 
selectively splits the nicotinamide-ribose linkage of the oxidized coenzyme © 
only, and has been recently used to shift the equilibrium in the mannitol — 
phosphate dehydrogenase system of Escherichia coli (15). Neurospora 
DPNase has a wide pH optimun,, is relatively stable, and easily prepared. — 
These considerations make the addition of DPNase a suitable and con- | 
venient method for attaining the desired equilibrium displacement. A 

comparison of the efficacy of Neurospora DP Nase and pH changes in shift- 


TABLE I 


Effect of DPNase and Changes in pH on Equilibrium of Reduction 
of Androstane-3,17-dione to Androsterone by a Enzyme 


5.50 0.130 94.9 
6.52 0.107 78.1 
7.58 0.092 67.1 
8.08 0.085 62.1 
8.02 + DPNase 0.137 100 


Reactions were carried out at 25° in 3.0 ml. reaction volumes in 1 cm. light path 


cuvettes containing 100 wmoles of Sorensen’s phosphate buffer of indicated pH; 
0.12 wmole of chemically reduced DPNH (initial optical density approximately 
0.250); 0.066 umole of androstane-3,17-dione in 0.05 ml. of CH;OH; and 1290 units 
of a enzyme (specific activity 47,000 units per mg. of protein). Equilibrium was 
attained in 1 to 5 minutes (depending upon pH). 210 units of DPNase were added in 
the last instance. Readings were made against a blank containing no DPNH, and 


compensation was made for the slow spontaneous drop in optical density which the | 


DPNH undergoes during the reaction time. All reactions were run in duplicate 
and mean values are given. 


ing the equilibria is shown in Table I. The reduction of androstane-3, 17- 
dione to androsterone was studied under the conditions indicated; at pH 


8.08 the reduction was only 62.1 per cent complete, whereas the addition | 
of DPNase shifted the equilibrium to completion, a condition not even | 
attained by lowering the pH to 5.5. The advantages of using DPNase © 
lie in that contamination of DPNH by DPN? is not objectionable, and | 
the concentration of DPNH may be low (about 0.03 umole per ml.), thereby | 


increasing the accuracy of the differential measurement. 

Equilibrium Constants of Steroid Oxidations—The equilibrium constants 
involved in certain steroid oxidation-reductions have been measured with 
the aid of a and 6 enzymes.? The values are of some theoretical interest 


? Talalay, P., and Hurlock, B., unpublished observations. 
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in providing information on the energy differences between axial and equa- 
torial substituents (16). The equilibrium constants (Ky) for these re- 
actions have been defined as follows (17): 


Ku =" 
CHOH 


Values of Ay for the oxidation of various equatorial 3-hydroxyl groups 
range from 0.9 to 2.1 & 10~° and for axial 3-hydroxyl groups from 6.7 to 
75 X 10-*. The equilibrium constant for the oxidation of the “quasi’’- 
equatorial 178-hydroxyl] group of testosterone was found to be 37.8 X 107°. 
From these value ranges it may be calculated that, in a system containing 
initially 0.50 umole of DPN*, 0.10 umole of steroid, and with pH 9.5, a 
178-hydroxysteroid will be 100 per cent oxidized. Under these conditions, 
an axial 3-hydroxysteroid will be 99.0 to 99.3 per cent oxidized, whereas 
an equatorial 3-hydroxysteroid will be 93.4 to 96.4 per cent oxidized. In 
the back-reaction, 0.05 umole of 17-ketosteroid in a reaction system con- 
taining 0.1 umole of DPNH at pH 6.0 will be 96 per cent reduced at equi- 
librium. ‘These calculations assume no reaction product to be present 
initially, and do not include effects of hydrazine (forward-reaction) or 
DPNase (back-reaction). 


Sensitivity, Specificity, and Applications 


Sensitivity—The sensitivity of enzymatic assays is largely dictated by 
the spectrophotometric equipment, the physical dimensions of the cuvettes, 
and the reaction volumes employed. In routine measurements, which 
utilize 1.0 cm. light path absorption cells, the volume may conveniently 
be varied from 0.2 ml. to 3.0 ml. The smaller volumes require the use of 
microcuvettes (18). By assuming a desired optical density change of at 
least 0.030, the minimal quantity of steroid accurately measurable is 0.001 
umole, or about 0.3 y. Possibilities of increasing the sensitivity consist 
of either working in smaller reaction volumes (18, 19) or of using fluores- 
cence measurements which can detect extremely small amounts of DPN+ 
and DPNH (20). Fig. 4 shows the measurement of 0.2 to 1.0 y of estradiol- 
3,178 by oxidation to estrone with B enzyme. 

Assay of Steroid Mixture—The estimation of single steroids in pure 
solutions has been amply illustrated in this paper as well as previously 
(4,9). In order to examine the suitability of these enzymatic techniques 
for mixtures of steroids, solutions of four pure steroids in methanol were 
prepared. All compounds were of high purity, and their concentrations 
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were determined by a or 6 enzymes in the forward-reaction in at least two 
assays for each solution. The steroids used, and their concentrations by 
enzymatic assay, were as follows: androsterone 2.84 wmoles per ml.; epi- 
androsterone 0.56 umole per ml.; dehydroepiandrosterone 0.56 umole per 


ml.; and pregnane-3a, 17a ,21-triol-11,20-dione 0.68 umole per ml. Accord- 
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Fig. 4. Estimation of estradiol-3,178 by oxidation to estrone with 6 enzyme. 
Reactions were carried out in 1.0 cm. light path microcuvettes in total volumes of 
0.2 ml., containing 5 wmoles of sodium pyrophosphate buffer, pH 9.0, 0.05 umole of 
DPN?*, and varying amounts of estradiol-3,178 in 0.02 ml. of CH;OH. The reac- 
tions were initiated by the addition of 49 units of 8 enzyme (specific activity 24,400 
units per mg. of protein) in 0.005 ml. Optical density readings were taken at 340 mz 
against blank cells containing all ingredients except steroid. Each point represents 
the mean of two measurements. Temperature 25°. 


ing to these assays the steroids varied from 94.0 to 99.5 per cent in purity 
on the basis of weight. Equal volumes of the four steroid solutions were 
then mixed and aliquots of the mixture assayed at three concentrations 
in the forward-reaction, first a enzyme and then 6 enzyme being used. 
The 17-ketosteroids were determined separately with 8 enzyme by the 
cyanide complex-forming method. The assays are reproduced in Fig. 5, 
which shows linearity with steroid concentration and reasonable agreement 
with calculated values. Table II gives the average values of the assays 
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Fic. 5. Analysis of a steroid solution prepared by mixing equal volumes of solu- 
tions of androsterone (2.84 wmoles per ml.), epiandrosterone (0.56 wmole per ml.), 
dehydroepiandrosterone (0.56 wmole per ml.), and pregnane-3a, 17a,21-triol-11,20- 
dione (0.68 wmole per ml.) in CH;OH. The left graph demonstrates the amount of 
DPNH formed as a function of the volume of the steroid solution in the forward-reac- 
tion with a and 8B enzymes. The right graph is the amount of DPNH reoxidized in 
the back-reaction with 8 enzyme by varying volumes of the steroid solution. The 
lines are drawn so as to indicate the expected amounts according to the individual 
concentration of steroids in each solution before mixing. Temperature 25°. 


TABLE II 


Enzymatic Assay of Steroids in Mizture Containing Androsterone, Epiandrosterone, 
Dehydroepiandrosterone, and Pregnane-3a, 17a, 21-triol-11,20-dione in Methanol 


Steroid per ml. of mixture, mumoles 
Group assayed 


Found Calculated* Per cent discrepancy 


860 
273 
963 


890 
280 
1000 


—3.4 
—2.5 
—3.7 


* Calculation is based on enzymatic assay of solutions of individual steroids be- 
fore mixing. See the text for the design of the experiment. 
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and the amounts calculated. The assays of functional groups in the mix- 
ture were from 2.5 to 3.7 per cent below the calculated values. 

Purity of Steroids—During the course of this work, a number of steroids 
with 3a-, 38-, and 178-hydroxyl groups were assayed by the appropriate 
enzymes, under conditions which assured complete oxidations. The com- 
pounds were believed to be of the highest purity, on the basis of prepara- 
tive history, physical constants, elementary analyses, and infrared and 
ultraviolet absorption spectra, as well as in some cases by paper chroma- 


tography. ‘These compounds were either prepared in our laboratory or — 
obtained from other investigators. By enzymatic assay the purity of | 
these compounds varied from 79.5 to 100.2 per cent according to weight. — 
In many assays, a known amount of a steroid, pure by enzymatic assay, — 
was added at the end of the reaction, and in each case the added steroid | 
was assayed precisely in the presence of steroids of varying purity. Since — 
the molar extinction coefficient of DPNH is known accurately from many | 
independent measurements (21), enzymatic steroid measurements provide | 
a convenient method for determining the purity of certain steroids and | 


contamination by isomers. ‘These determinations of purity are not depend- 
ent upon other steroids but merely upon accurate knowledge of the extinc- 
tion coefficient of DPNH. Contamination of steroids by closely related 


compounds bearing similar functional groups cannot be detected by en- 


zymatic measurement. 
Analysis of Chromatographic Fractions—Enzymatic methods for the 


analysis of steroids have been useful for the estimation and identification — 
of steroid fractions eluted from paper chromatograms or from chromato- | 
graphic columns. The latter procedure is illustrated by the chromato- | 


graphic separation of 400 y each of 4-androstene-3,17-dione, dehydroepi- 


androsterone, and testosterone by gradient elution on a column of silicic — 


acid (Mallinckrodt, Si02.xH2O). A column measuring 103 mm. long by 
11 mm. in diameter was packed from a slurry of silicic acid in hexane and 
chloroform (1:1 by volume), and the steroids were applied in a small 
volume of the same solvent mixture to the top of the column. A reser- 
voir, 300 ml. capacity, provided with a magnetic stirrer was filled with 
this solvent mixture and connected to the column. The gradient of more 
polar solvents was established by introducing into the mixing flask meth- 
anol and chloroform (1:99 by volume). 5.0 ml. fractions were collected, 
evaporated to dryness, and redissolved in methanol, and aliquots were 
used for enzymatic analysis with 8 enzyme (for dehydroepiandrosterone 
and testosterone) and by ultraviolet absorption measurements (for 4- 
androstene-3 , 17-dione and testosterone) (Fig. 6). The total recoveries of 
all three steroids were 95 to 100 per cent, and the agreement between ultra- 
violet absorption and enzymatic analyses (for testosterone) was better than 
5 per cent. 
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Specificity of Measurements—Since a and 6 enzymes carry out highly 
selective and stereospecific oxidation-reductions, it is possible to obtain 
much information on the qualitative and quantitative composition of 
steroid mixtures by appropriate sequential enzymatic oxidations and re- 
ductions. Thus, a enzyme in the forward-reaction measures total 3a- 
hydroxy! groups of the Cy, Coi, and C2 steroids. In the forward-reaction, 
8 enzyme measures 38-hydroxy] plus 178-hydroxy] groups. In the back- 
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Fic. 6. Chromatography of 4-androstene-3,17-dione (AD), dehydroepiandros- 
terone (DEA), and testosterone (TESTO) on silicic acid by gradient elution, as 
described in the text. The fractions (5 ml. each) were analyzed by ultraviolet ab- 
sorption (—) and enzymatic reaction with 6 enzyme (- - -). 


reaction, a enzyme measures 3-ketosteroids only, whereas B enzyme reduces 
both 3- and 17-ketosteroids, provided that the ketonic groups are not in 
conjugation with a double bond. In the back-reaction, if a enzyme is 
used first and then followed by B enzyme, it becomes possible to obtain 
individual measurements of 3- and 17-ketosteroids. 

In the forward-reaction, 38- and 178-hydroxyl] groups are measured 
together; hence a 38,178-dihydroxysteroid will cause the formation of 2 
equivalents of DPNH for each mole of steroid. Independent measurement 
of 36-hydroxyl] and 178-hydroxyl groups may be obtained by measuring 
the 3-ketone groups with a enzyme in the back-reaction, before and after 
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oxidation of the steroid mixture with 8 enzyme; thus the increase in 3- 
ketosteroids will be equivalent to the 36-hydroxysteroids originally present. 
Some of the functional groups which may be measured are listed in Table 


III. In addition, by the use of the very active steroid isomerase (22). 


which usually contaminates both a and 6 enzymes, it is possible to measure 
the specific increase in absorption at 248 my (Amax of a,@-unsaturated 


ketones in H2Q) and thereby obtain the increase in the a,6-unsaturated | 
ketones following the oxidation of 8,y-unsaturated 3a- or 38-hydroxy- | 
steroids. This measurement should be useful for measuring dehydro- 


epiandrosterone (5-androsten-36-ol-17-one) and 5-pregnen-38-ol-20-one. 


TaBLe III 
Groups determined Reaction 

3a-Hydroxyls a enzyme, forward-reaction 

3B- + 178-hydroxyls enzyme, forward-reaction 

3-ketones (not a,B-unsaturated) a enzyme, back-reaction 

3- + 17-ketones (not a,B-unsaturated) | 8B enzyme, back-reaction 

17-Ketones 8B enzyme in back-reaction, after a enzyme 
in back-reaction 

38-Hydroxyls Measure 3-ketones with a enzyme before 
and after oxidation with 8 enzyme (36. 
hydroxyls by difference) 


DISCUSSION 


The estimation of a variety of biochemical substrates by pyridine nucle- 
otide-linked dehydrogenases has become a well recognized procedure. 
Enzymatic methods have proved especially suitable for steroid determina- 
tions for a number of reasons: (1) The substrate specificity of bacterial 
a- and B-hydroxysteroid dehydrogenases coincides with the most important 
steroid metabolites found in animal tissues. (2) The reactions catalyzed by 
these enzymes are readily reversible, and the equilibria can be easily dis- 
placed to completion in the desired direction. (3) The enzymes are satu- 
rated at very low steroid concentrations, and reasonable reaction velocities 
during the assays are maintained (10). (4) Enzymatic assay methods are 
highly specific, and the spectrophotometric methods are very sensitive. 
These last factors are indispensable in any analytical procedure requiring 
the measurement of minute quantities of specific metabolites in the pres- 
ence of large quantities of a variety of other biological constituents. 

In contrast to colorimetric methods based on chemical reactions such as 
the Zimmermann method for 17-ketosteroids (1), the enzymatic methods 
reported here offer several advantages in addition to those listed above. 
The measurements depend upon specific changes in light absorption at 
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340 my, under conditions which result in no unpredictable changes at 
other wave lengths. These changes in light absorption are, unlike those 
in many chemical methods, due to changes in concentration of DPNH, a 
well defined compound of known extinction coefficient and absorption 
maximum. In many chemical methods, the precise nature of the colored 
complex is unknown and there may be relatively large variations in ex- 
tinction coefficient and maximal absorption wave length for different 
steroids. Thus, in the Zimmermann reaction, if 100 be taken as the rela- 
tive extinction of dehydroepiandrosterone, equal amounts of other steroids 
give color equivalents from 65 to 130 (23). Moreover, the rate of forma- 
tion of the colored complex depends upon many factors such as concentra- 
tion of alcohol, alkali, length of color development, and temperature. 
Thus, in steroid mixtures, the total amount of color produced depends not 
only upon the amount of steroids, but also upon the proportion of different 
steroids and the conditions of color development. 

The high degree of specificity of enzymatic reactions offers the advantage 
in many biological systems that unknown non-steroidal compounds 
which may be present are not likely to interfere. Thus, in the case of 
urinary steroid determinations, large non-specific “background” colors are 


_ produced when urine is treated with the Zimmermann reagents (KOH and 


m-dinitrobenzene). Many empirical attempts to correct these colors by 
differential spectrophotometry have not proved entirely satisfactory (1). 
In contrast, the addition of a few micrograms of enzyme protein to even a 
pigmented solution has been found not to alter the absorption spectrum 
appreciably in the region measured. 

The sensitivity of these enzymatic methods approaches that required 
for the measurement of tissue concentrations of steroids. Enzymatic 
estimations with a and 8 enzymes permit the measurement not only of 
ketosteroids but also of hydroxysteroids for which no sensitive and specific 
methods have thus far been available. We visualize the discovery of 
further hydroxysteroid dehydrogenases specific for positions other than 3 
and 17 on the steroid skeleton. Such enzymes may be of value in extend- 
ing these methods for the determination of the quantitative and qualita- 
tive composition of steroid mixtures. 


Methods and Materials 


a- and 8-hydroxysteroid dehydrogenases were prepared according to 
improvements of methods previously described (9). The addition of an 
acetone fractionation at —10 to —20°, after the first ammonium sulfate 
and protamine steps, has improved the purity of the enzymes so that 
enzymes of specific activities of 70,000 to 100,000 units per mg. of protein 
have been obtained routinely before the calcium phosphate gel step. 
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Neurospora DPNase was prepared according to Kaplan (24) and had an 
activity of 52,000 units per ml., and 4.2 mg. of protein perml. The DPN+ 
was purchased from the Pabst Laboratories, Milwaukee, Wisconsin, and 
assayed 85 per cent DPN*+ on a basis of weight (assuming a molecular 
weight of 663). DPNH was prepared either by reduction of DPN* with 
alcohol dehydrogenase and ethanol (25) or by reduction with sodium hy- 
drosulfite (26). Steroids were all checked as to identity and purity by © 
melting point and optical rotation. Purifications of steroids were carried 
out whenever necessary. All the solvents were redistilled analytical re- — 


agent products. Hexane was purified by treatment with concentrated — 
H.2SQ, and alkaline KMnQ, and distilled through a fractionating column. | 
Hydrazine sulfate was Baker’s analyzed reagent grade. : 

Assays of hydroxysteroids by the forward-reaction were carried out 
usually in 3.0 ml. reaction volumes in cuvettes containing 100 umoles of | 
sodium pyrophosphate buffer (final pH 9.5),0.5 umole of DPN*, 1.0 mmole © 
of hydrazine sulfate (previously adjusted with NaOH to about pH 9.5), 
0.01 to 0.1 umole of steroid in 0.1 ml. of CH;OH, and sufficient enzyme to 
achieve equilibrium in less than 15 minutes. Readings were taken against 
a control cuvette containing all ingredients except steroid. Measure- 
ments were based on the increments in optical density at 340 my at equi- | 
librium. The molar extinction coefficient of DPNH at 340 my was assumed 
to be 6220 (21). | 

Assays of ketosteroids by the cyanide complex were carried out in 2.45 
ml. reaction volumes containing 100 uwmoles of Sorensen’s phosphate buffer, - 
pH 5.5, approximately 0.1 umole of DPNH (chemically reduced), 0.01 to 
0.10 ml. of methanol solution of steroid, and sufficient enzyme to achieve 
equilibrium in 10 to 15 minutes. The initial optical density was about 
0.250. Optical density measurements at 340 my were taken against a 
control cuvette containing all ingredients except steroid. When no fur- 
ther decrease in optical density occurred, 0.05 ml. of 6 n HCl was added 
to control and experimental cells which destroyed all the absorption at 
340 mz. 0.5 ml. of 5 n KCN in 1.0 n KOH was then added to all 
cells and the optical density again measured at 340 my. The assay was 
based on the increase in optical density upon addition of the cyanide. A 
molar extinction coefficient of 5150 was assumed for the DPNt-cyanide 
complex at 340 mu (12). 

Assays of ketosteroids in the back-reaction with DPNase were carried 
out in 3.0 ml. reaction volumes containing 100 umoles of Sorensen’s phos- 
phate buffer, pH 5.5, 0.1 umole of DPNH (chemically or enzymatically 
reduced), 200 units of Neurospora DPNase, 0.1 ml. of methanol solution 
of steroid, and sufficient enzyme to obtain complete reduction in less than 
15 minutes. Optical density readings were taken at 340 my against a 
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control containing no DPNH; an additional control containing all ingre- 
dients except steroid was also included. Measurements were based on 
the decrease in optical density in the experimental cell at equilibrium, com- 
pensated for small spontaneous reductions in optical density occurring in 
the control containing no steroid. 

Ultraviolet absorption measurements were made in quartz cuvettes of 
1.0 cm. light path in a Beckman DU spectrophotometer. Microcells and 
a special carriage constructed according to Lowry and Bessey (18) were 
supplied by W. H. Kessel and Company, Chicago, Illinois. 


SUMMARY 


The sensitive and specific microestimation of steroids by means of a- 
and 8-hydroxysteroid dehydrogenases has been described. Factors in- 
fluencing the equilibria of the reactions catalyzed by these enzymes have 
been examined. Conditions for obtaining complete oxidations of hydroxy- 
steroids or reductions of ketosteroids have been established. Quantitative 
oxidations of steroids have been obtained by using a high pH and adding 
a ketone-binding reagent. Complete reductions of ketosteroids have been 
achieved by the destruction with DPNase of DPN*+ formed in the reac- 
tion. The enzymes have been employed for the estimation of 3a-, 3£-, 
and 178-hydroxysteroids as well as 3- and 17-ketosteroids, singly as well 
as in mixtures. The sensitivity of the method is about 1 mumole of ster- 
oid. The methods have been illustrated by the measurement of single 
steroids, steroid mixtures, and chromatographic fractions. These pro- 
cedures are also applicable to the determination of steroid purity and con- 
tamination by isomers. 


Some of the steroids used in these studies were generously donated by 
Dr. A. Zaffaroni, Syntex, S. A., Mexico, and Dr. E. W. Meyer, The Glid- 
den Company, Chicago. The authors are grateful to Mr R. C. Leck for 
aid in developing the system for silicic acid chromatography of steroids. 
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THE EICOSAPOLYENOIC ACIDS OCCURRING IN THE 
GLYCEROPHOSPHATIDES OF BEEF LIVER* 


By W. MONTAG anp E. KLENK 


(From the Institute of Physiological Chemistry, University of Cologne, 
Cologne, Germany) 


AND H. HAYES anp R. T. HOLMAN 


(From the Hormel Institute and the Department of Physiological Chemistry, 
University of Minnesota, Austin, Minnesota) 


(Received for publication, December 26, 1956) 


Polyunsaturated fatty acids occurring in animal tissues have been shown 
to be essential to living processes. Although many members of this group 
are known to exist in nature, differing by chain length and number and 
position of double bonds, few of the acids have been adequately charac- 
terized. Knowledge of the function and metabolism of these substances 
is meager, partly because methods of their detection and measurement are 
primitive. The best methods for their analysis lack standard values de- 
termined upon pure acids. Thus far, no preparations of these acids whose 
structures are known with certainty, and whose purities have been tested 
rigorously, have been adequately characterized by alkali isomerization. 
It is thus of importance to isolate pure acids of known structure and to 
utilize them as analytical standards in the existing methods of analysis for 
polyunsaturated fatty acids. This report describes some unsaturated 
acids of chain length of 20 carbon atoms which occur in the phosphatides 
of beef liver. The isolation and determination of structure of these acids 
were performed in the Institute of Physiological Chemistry of the Uni- 
versity of Cologne, whereas the characterization of the acids by means of 
alkaline isomerization and paper chromatography was carried out at the 
Hormel Institute. 


EXPERIMENTAL 


The total lipides of beef liver were extracted with cold acetone and hot 
chloroform-methanol, and the phospholipides were isolated by precipita- 
tion with acetone from a concentrated solution in diethyl ether. The 
acids of the phospholipides were converted to methyl! esters by acid meth- 
anolysis. ‘The mixed esters were saponified with 0.5 N NaOH, the un- 
saponifiable matter was removed, and the freed fatty acids were frac- 


* Supported in part by grants from the Deutsche Forschungsgemeinschaft, the 
Office of Naval Research, United States Navy Department, and the National Dairy 
Council (Chicago). Hormel Institute publication No. 149. 
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tionated by the low temperature crystallization method of Brown and 


* 


Shinowara (1). From 1.41 kilos of phosphatides, 301 gm. of highly un- | 


| 


saturated fatty acids were obtained, with an iodine value of 270. The 
methyl] esters of these acids were fractionated by distillation at 10-4 mm. 
pressure in a vacuum-jacketed column packed with small wire screen 
saddles made of V2A stainless steel (2). Two distillations were required to 
obtain pure Ceo polyenoic esters, only those fractions which gave pure eico- 


Fic. 1. Separation of eicosapolyenoic acids by countercurrent distribution. 

Fic. 2. Paper chromatography of pure eicosapolyenoic acids. The mono- and 
dienoic acids were isolated from rape seed oil. The spots on the developed chromato- 
gram were made visible by iodine vapor and were contact-printed on Kodagraph 
paper, a procedure which gives a permanent record and increases the contrast be- 
tween spot and background, thereby making detection of faint spots easier. 


sanoic acid after hydrogenation and saponification being retained. The 
yield was 27 gm. of esters, the fractions of which had iodine values of 282 
to 292. The total quantity of Coo acids present in the origina] mixture of 
highly unsaturated acids was several times this amount. 

The mixture of eicosapolyenoic acids was resolved into its individual com- 
ponents by means of a 200-stage fully automatic countercurrent distribution 
apparatus according to the method of Ahrens and Craig (3). The epiphase 
was n-heptane, and the hypophase was acetonitrile-acetic acid-methanol 
(1:1:1). Each stage contained 25 ml. of epiphase and 25 ml. of hypophase. 
Epiphase was passed over the hypophase until the fractions no longer con- 
tained fatty acid. For describing the partition curve, 2 ml. portions of 
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every second or third fraction were taken for measurement of bromine up- 
take according to the method of Rosenmund and Kuhnhenn (4) (Fig. 1). 
To find the limits of individual acid zones, single fractions were chosen ac- 
cording to the distribution curve and evaporated to dryness, and their ul- 
traviolet absorption curves were determined qualitatively after isomeriza- 
tion (5). By means of spectral data, fractions were combined as shown in 
Fig. 1. Composite Fraction A; was found to be hexaene-free pentaenoic 
acid, Fraction A, pentaene-free tetraenoic acid (arachidonic acid), and 
Fraction A; tetraene- and pentaene-free trienoic acid. Each of these frac- 


TABLE I 
Characterization and Identification of Eicosapolyenoic Acids 
Fraction As | Fraction Ag | Fraction Az 
(eicosapen- (eicosatet- | (eicosatrienoic 
taenoic acid) | raenoic acid) acid 
Iodine value, observed*....................... 378 320 233 
Equivalent weight saturated acid, observed, 
Equivalent weight saturated acid, calculated, 
Melting point saturated acid, °C............... 74.2 74.4 73.8 
Mixed melting point with n-eicosanoic acid (f.p. 
73.8 74 73.8 
Double bonds indicated by isomerization...... 5 4 3 
degradation (6).... 5 4 3 
Position double bonds indicated by degradation.| 5, 8, 11, | 5,8, 11,14} 8, 11, 14, 
14, 17 5, 8, 11 


* Iodine values obtained by the method of Rosenmund and Kuhnhenn are lower 
than those obtained by other methods. 


tions was contaminated with stopcock grease, which was easily removed as 
unsaponifiable matter. From 3.82 gm. of mixed eicosapolyenoic acids, 0.47 
gm. of pentaenoic acid (Fraction As), 1.39 gm. of tetraenoic acid (Fraction 
A,), and 0.39 gm. of trienoic acid (Fraction A;) were obtained. It was as- 
sumed that Fractions 280 to 385 consisted of pentaenoic acid, Fractions 386 
to 519 of tetraenoic acid, and Fractions 520 to 564 of trienoic acid. The 
composition, calculated from the distribution curve and bromine uptake 
data, was thus eicosapentaenoic acid 16 per cent, eicosatetraenoic acid 53 
per cent, eicosatrienoic acid 21 per cent, and unidentified substances 10 per 
cent. 

The unsaturated acids were degraded through ozonization. Chroma- 
tographic analysis of the resulting dicarboxylic acids according to Klenk 
et al. (6, 7) gave the following molar ratios: glutaric acid to malonic acid, 
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0.81:2.44 for Fraction A;, glutaric acid to malonic acid, 0.79: 1.87 for Frac- 
tion Ay, and glutaric acid to suberic acid to malonic acid, 0.15:0.72:1.1 for 
Fraction A;. As has been shown previously (8), the double bonds of these 
polyunsaturated acids are exclusively of the methylene-interrupted type 
(skipped unsaturation). The acids are, therefore, 5,8,11,14,17-eico- 
sapentaenoic, 5,8,11,14-eicosatetraenoic (arachidonic), and a mixture of 


@ © | 


= 
250 300 350 yp 


Fic. 3. Ultraviolet absorption spectra of eicosapolyenoic acids after isomeriza- 
tion according to the procedure of Herb and Riemenschneider (5). Curve 3, eico- 
satrienoic acid; Curve 4, eicosatetraenoic acid; Curve 5, eicosapentaenoic acid. 
The lower curves were obtained before isomerization, and the upper curves after 
isomerization. 


8,11,14-eicosatrienoic and 5,8,11-eicosatrienoic acids. 5,8,11-Eicosa- 
trienoic acid comprised about 10 to 20 per cent of the triene acids. The 
substances are all thin, clear, and slightly colored oils. The three acid 
preparations were chromatographed on paper by the method of Mangold 
et al. (9) and showed no evidence of contamination with acids of higher 
or lower degrees of unsaturation. A paper chromatogram on which these 
acids were run beside samples of eicosadienoic acid and eicosenoic acid 
from rape seed oil is shown in Fig. 2. This evidence, together with the 
spectral curves, indicates that the acids are of a high degree of purity. 
Characterization of these substances is summarized in Table I. 
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‘ac. Approximately 30 to 50 mg. of each of the purified fatty acids were dis- 
for _ solved in 10 ml. of air-free ethanol, and the ultraviolet absorption spectra 
TaBLeE II 
a Extinction Coefficients, k, and Standard Deviations of Isomerized 
er Eicosapolyenoic Acids 
| — 
Wave length, mu 
Method of isomerization 
375 | s725s | 346 | 345 | 315 | 300 | 270 | 268 | 233 | 232.5 
Eicosatrienoic acid 
Holman-Burr (10)* 52.8 57.5 
+4.5 +2.8 
- Wiese-Hansen (11) 37.4 55.4 
+1.2 +2.4 
Herb-Riemenschneider (5) 72.1) 59.5 
+0.4'/+0.2 
Holman (12) 87.0) 56.7 
+1.6/+2.3 
Eicosatetraenoic acid 
Holman-Burr (10) 61.9| 62.8) 52.1 
+0.4|+40.7 +0.4 
. Wiese-Hansen (11) 48.9) 48.1 62.1 
+0.9'+0.9 
Herb-Riemenschneider (5) 69.7 47.1) 40.1 
+2.5 +1.7/+3.7 
Holman (12) 68.7 44.1) 33.2 
+0.6 +0.5'+0.6 
i Eicosapentaenoic acid 
| Holman-Burr (10) 5.2 06.8 54.6 47.5 
ter +0.5 +4.4 +1.4/+2.5 +1.6 
Herb-Riemenschneider (5) | 4.4 74.2 71.2 32.9) 37.0 
+0.1 +1.4 +0.4 +1.7/+2.0 
Holman (12) 2.9 67.1 62.8 27.5) 30.8 
“a +0.5 +0.2 +0.2 +1.4/+2.4 
‘he 
cid * Bibliographic reference numbers. 
old 
ner | Were measured upon these solutions. Aliquots of 1 ml. were evaporated to 
ase | dryness in petticups under nitrogen and were used as samples for isomeri- 
eid | 2ation according to the methods of Herb and Riemenschneider (5) and 
he | Holman and Burr (10). A portion was diluted 10-fold, and aliquots were 
ty. isomerized by the methods of Wiese and Hansen (11) and Holman (12). 
The complete spectra (Fig. 3) of the three acids after isomerization by 


58 EICOSAPOLYENOIC ACIDS 


the procedure of Herb and Riemenschneider (5) indicate that each acid is | 


free from its next more unsaturated vinylogue. The extinction coeff- 


cients of the three acids after isomerization by four methods are listed in 
Table II. The constants, which have been corrected for background ab- | 


sorption, can be used as standards for the analysis of these substances with 
the respective methods. 
When the isomerization under the conditions of Holman (12) was con- 


tinued for varying periods of time, the time for development of maximal — 


characteristic absorption varied from acid to acid. The optimal time for 


eicosatrienoic acid isomerization is 20 minutes. The absorption versus — 


time curve for arachidonic acid has high values for conjugated tetraene 
between 10 and 20 minutes. The absorption versus the time curve for 
eicosapentaenoic acid has a sharp apex at 12 minutes. These data are 
discussed and compared with those for other acids in the description of 
the method (12). 


DISCUSSION 


Recently a concept has developed that the polyunsaturated fatty acids 
occur in families related either to linoleic acid or to linolenic acid (13-15). 
If one counts the unsaturation from the methyl end of the fatty acid mole- 
cule, he finds that those acids which cure skin symptoms of essential fatty 


acid deficiency (for example, linoleic and arachidonic acids) have their 
first double bonds after the 6th carbon atom. The other polyunsaturated | 


fatty acids have their first double bonds after the 3rd carbon atom, and 
these have only the growth-promoting activity. Similarly, the pentaenoic 
acid isolated in this study has the 3,6,9,12,15-pentaene structure which 
is related to the 3,6,9-unsaturated system of linolenic acid. This agrees 
with the observations that pentaenoic acid probably is derived from lino- 
lenic acid (16). The tetraenoic acid and the chief trienoic acid herein de- 
scribed have the terminal structure related to linoleic acid. Arachidonic 
acid is known to derive from linoleic acid (16, 17), and it is the most ac- 
tive essential fatty acid. In this study, the eicosatrienoic acid found in 
greatest abundance has a terminal structure related to linoleic acid, and 
probably is an intermediate in the conversion of linoleic acid to arachi- 
donic acid. It could arise from linoleic acid by addition of one acetate 
group and by one dehydrogenation between the existing unsaturation and 
the carboxyl group. 

The minor trienoic acid, 5, 8, 11-eicosatrienoic, has been previously iso- 
lated from the lipides of fat-deficient rats by Mead and Slaton (18). It is 
probably this trienoic acid which appears in the serum and tissues of a va- 
riety of animals when they become deficient in essential fatty acids. It 
appears that this substance is a normal minor constituent of liver lipides 
which merely increases during deficiency. Because its structure is not 
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similar to that of linoleic acid, and because it is found in deficient ani- 
mals, it is probably inactive as an essential fatty acid. This acid has a 
terminal structure which relates it to oleic acid, for its first double bond, 
counting from the methyl end group, is at the 9th carbon atom. This 
suggests that the polyunsaturated acids may be divided into at least three 
groups. 

The countercurrent distribution curve of the eicosapolyenoic acids sug- 
gests that eicosadienoic and eicosenoic acids are also present in the liver 
phosphatides of cattle, but positive identification of the two final small 
fractions obtained (Fig. 1) was not made. 

The ultraviolet absorption spectra of the native acids indicate that they 
are notably free from preformed conjugation. Eicosatrienoic acid, the 
least pure in this regard, was estimated to contain less than 6 per cent 
conjugated diene. The spectra of the isomerized acids indicate that each 
acid is free from more highly unsaturated contaminants. The paper chro- 
matogram confirmed this, and, moreover, showed no less unsaturated con- 
taminants. The ultraviolet spectra of the isomerized acids indicated that 
the absorption maxima occur at the wave lengths reported by Herb and 
Riemenschneider (5). The wave lengths specified in the methods of Hol- 
man and Burr (10) and Wiese and Hansen (11) were chosen from the spec- 
tra of less pure materials. It appears that their measurement of tetraene 
at 300 uw had the small advantage of less complication by the pentaene 
contribution. However, in the interest of standardization of methodology, 
Holman and Hayes (12) have made measurements at the same wave lengths 
as Herb and Riemenschneider. Our extinction coefficients determined 
upon tetraenoic acid with the method of Herb and Riemenschneider differ 
slightly from those reported by these authors upon their preparation. 
The conjugated tetraene absorption coefficient of our preparation was 
69.7, whereas that of Herb and Riemenschneider was 60.6. Our eico- 
sapentaenoic acid developed a conjugated pentaene absorption coefficient 
between those of the eicosapentaenoic and the docosapentaenoic acids of 
Herb and Riemenschneider. 


SUMMARY 


The eicosapolyenoic acids from beef liver phosphatides were isolated by 
low temperature crystallization of the acids and fractional distillation of 
their esters. The individual acids were isolated by means of countercur- 
rent distribution. Ozonolysis and chromatographic separation of the deg- 
radation products of the tetraenoic and pentaenoic acids identified them 
as 5,8,11,14,17-eicosapentaenoic acid and 5,8,11,14-eicosatetraenoic 
acid (arachidonic acid). The triene consisted of a mixture of 8,11, 14-ei- 
cosatrienoic acid and 5,8, 11-eicosatrienoic acid. 

The pentaenoic, tetraenoic, and trienoic acids were subjected to isomer- 
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ization according to four current analytical methods, and their extinction 


coefficients were determined as a means of characterization and as a means © 
of standardization of the analytical methods. Each of the three acids — 


was found to migrate as an entity when chromatographed on paper. 
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KYNURENINE TRANSAMINASE OF RAT KIDNEY: A STUDY 
OF COENZYME DISSOCIATION* 


By MERLE MASON 


(From the Department of Biological Chemistry, University of 
Michigan Medical School, Ann Arbor, Michigan) 


(Received for publication, January 16, 1957) 


Cell-free extracts of rat kidney catalyze the conversion of kynurenine to 
kynurenic acid by means of a transamination reaction (2). Such extracts 
lose kynurenine transaminase activity rapidly when added to phosphate 
buffer solutions with pH below 7 unless a-ketoglutarate is added (2). Fur- 
ther studies in this laboratory have shown that this inactivation is com- 
pletely reversed by the addition of small amounts of pyridoxal phosphate 
or pyridoxamine phosphate. This observation suggests that inactivation 
results from dissociation of one or both of these coenzymes from the apo- 
transaminase and that a-ketoglutarate prevents this dissociation. The 
present report seeks to describe this association-dissociation phenomenon 
and to explain the protective action of a-ketoglutarate. 


Materials and Methods 


L-KXynurenine sulfate monohydrate was obtained by ozonolysis of N-ac- 
etyl-L-tryptophan.' pL-Kynurenine, obtained commercially, was used in 
several experiments. pL-Kynurenine was less satisfactory as a substrate 
because the range of activity that could be measured spectrophotometri- 
cally was limited by absorption of the inert D isomer. Pyridoxal phosphate 
and pyridoxamine phosphate, each assayed as pure within the limits of ac- 
curacy of the spectrophotometric and chromatographic methods of assay, 
were purchased from the California Foundation for Biochemical Research. 
Ammonium pyridoxal phosphate, obtained earlier from the same source, 
underwent rapid decomposition during storage and failed to prevent the 
inactivation of kynurenine transaminase (2). 

Conditions of incubation and assay were similar to those described earlier 
(2). The incubation periods were 1 hour or less as indicated; the total 
volume of incubation mixture was 1 ml. The concentration of kynurenine 
was 0.0035 m and of keto acids, 0.006 mM, except when indicated otherwise. 


* A report of this study was presented before the’ American Society of Biological 
Chemists, Atlantic City, April 18, 1956 (1). 

1 Warnell, J. L., and Berg, C. P., unpublished. We are indebted to Dr. J. L. War- 
nell for the use of an ozonizer and an improved modification of a method for preparing 
kynurenine sulfate (3). 
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Transamination was measured by determining kynurenic acid formation | 
and is expressed as the change (A**) of optical density at 333 my after cor- | 


rection for the absorption due to kynurenine. 


Enzyme Purification—The preparation of the kynurenine holotransami- | 
nase 1s handicapped, since the enzyme is readily inactivated in slightly © 


acidic buffer solutions (2). In the present study, it was found to be com- — 
pletely inactivated by ammonium sulfate fractionation (see below) and al- | 
most completely inactivated by alcohol fractionation and by freezing fol- — 


lowed by thawing. Activity was restored in each case by the addition of — 


small amounts of pyridoxal phosphate, indicating that inactivation was © 


caused by dissociation of the coenzyme. 
The kynurenine apotransaminase, on the other hand, was fairly stable. 
Some purification of the apotransaminase was obtained as follows: 18.5 gm. 


of rat kidney were homogenized with 75 ml. of ice-cold water. The homog- — 


enate was centrifuged briefly to remove cell debris, and ammonium sulfate | 


was added slowly to the supernatant fluid to bring it to 25 per cent of satu- 


ration. The precipitate was removed by centrifugation, and ammonium — 
sulfate was added to the supernatant fluid to 75 per cent of saturation. — 
The new precipitate was removed by centrifugation, dissolved in 30 ml. of | 


water, and dialyzed against 0.001 m phosphate buffer, pH 7.0, for 20 hours. 
More protein precipitated upon freezing followed by thawing; this was re- 
moved by centrifuging. The supernatant fluid had approximately 6 times 
as much apotransaminase activity per mg. of dry weight as the original 
homogenate. It was inactive unless pyridoxal phosphate or pyridoxamine 
phosphate was added. The preparation was stored in the frozen state for 
2 months without significant loss of kynurenine apotransaminase activity. 


Results 


As reported before (2), the kynurenine transaminase of rat kidney ex- 
tracts became inactive within a few minutes at 37° in phosphate buffer, 
pH 6.3, unless a-ketoglutarate was present. At pH 7.4, on the other hand, 
inactivation was slow (Fig. 1). The rate of inactivation also depended 
upon the concentration of the phosphate buffer (Fig. 2). Subsequent addi- 
tion of pyridoxal phosphate or pyridoxamine phosphate to the inactivated 
preparations restored the activity to levels which were higher than those 
that existed before preincubation.? Purified preparations which were com- 
pletely inactivated during ammonium sulfate fractionation were similarly 
activated as illustrated in Fig. 3. When such reconstituted enzyme prep- 
arations were dialyzed in 0.002 m phosphate buffer, pH 7.4, to remove the 
sinbound coenzyme, much of the activity was retained (Table I). These 


* Preincubation is used here to designate a period of preliminary incubation during 
which the absence of one or more factors prevents transamination. 
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Fic. 1. Effect of pH on the rate of inactivation of kynurenine transaminase dur- 
ing preincubation in 0.05 m phosphate buffer. The kidney extract was added to buf- 
fer solutions at zero time. a-Ketoglutarate was added after the intervals indicated 
by the points on the curves. After 16 minutes of preincubation, kynurenine was 
added to start the reaction. 

Fic. 2. Effect of phosphate buffer concentration on the rate of inactivation at 
pH6.3. The experimental conditions were similar to those described in Fig. 1 except 
for the variation of concentration of the phosphate buffer. pH measurements before 
and after incubation showed that the lower concentrations of buffer were adequate 
to prevent significant pH changes. 


Fe) 


COENZYME (yGMS/ML) 


Fic. 3. Relationship of activity to coenzyme concentration. Apoenzyme prepa- 
rations were obtained by ammonium sulfate fractionation (see under ‘‘Materials and 
methods’’). No preincubation. Solid lines, activation with pyridoxal phosphate; 
broken lines, activation with pyridoxamine phosphate. Curves 1 and 2, pH 6.3; 
Curves 3 and 4, pH 7.4. 
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dialyzed preparations, like the freshly prepared extracts, quickly lost their 
activity during preincubation in 0.1 m phosphate buffer, pH 6.3, unless 
a-ketoglutarate was present. 

These observations strongly indicate that the inactivation resulted from 
dissociation of the holoenzyme and that the dissociation was slowed or pre- 
vented (although not measurably reversed) by a-ketoglutarate. The pro- 
tective action of a-ketoglutarate may be a result of a greater affinity of the 
apoenzyme for pyridoxal phosphate than for pyridoxamine phosphate, as 
shown by the higher concentrations of the latter needed to saturate the apo- 
enzyme (Fig. 3). The scheme presented in Fig. 4 shows how the holoen- 


zyme may be rendered unstable in the absence of keto acid. The portion | 


TABLE 
Effect of Dialysis on Activity of Reconstituted Kynurenine Transaminase* 
A333 

pH Assay conditions, preincubation in 0.1 m buffer 
Before Dialyzed Dialyzed 
dialysis 11 hrs. 28 hrs. 
6.3 With a-ketoglutarate 0.441 0.299 0.273 
Without a-ketoglutarate 0.349 0.096 0.042 
7.4 With a-ketoglutarate 0.370 0.232 0.190 
Without a-ketoglutarate 0.343 0.226 0.183 


* Purified preparations obtained by ammonium sulfate fractionation (see under 
‘‘Materials and methods’’) were incubated in 0.02 m phosphate buffer, pH 7.4, with 
pyridoxamine phosphate (45 y per ml.) for 2 hours at 37°, then dialyzed for 28 hours 
in the cold room in 400 volumes of 0.002 m phosphate buffer, pH 7.4. Kynurenine 
holotransaminase activity was assayed under the conditions and at the times indi- 


cated. 


of Fig. 4 lying above the dotted line is believed to represent the situation 
before kynurenine and a-ketoglutarate are added. Amino acids present in 
the enzyme extract will tend to maintain the holoenzyme in the aminated 
form resulting in its rapid dissociation. Added a-ketoglutarate should re- 
tard dissociation by converting the holoenzyme to the more stable aldehyde 
form.’ 

Consistent with the above interpretation, the abilities of the various 
keto acids in preventing inactivation (Fig. 5) paralleled their effectiveness 
in transaminating with kynurenine (Table II). a-Ketoglutarate and oxal- 
acetate were considerably more effective in both the protective and sub- 


3 To simplify illustration and discussion, a two-step transamination mechanism (4) 
is assumed. The suggestion that a-ketoglutarate prevents inactivation by convert- 
ing the holoenzyme to a form which does not dissociate readily may be valid even if 
the two-step mechanism does not apply. 
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strate functions than any of the six monocarboxylic a-keto acids tested. 
Succinate had no protective action, indicating that the carbonyl group of 
oxalacetate is essential for its protective action. 

Since a-ketoglutarate seemed to favor association, it was not surprising 
that rate-limiting amounts of the coenzymes reactivated apoenzyme prep- 


AMINO ACID KETO ACID 


APOENZYME APOENZYME 

+ —=WOLOENZYME-CHO HOLOENZYME-NH2 = 
PYRIDOXAL - - - PYRIDOXAMINE 
PHOSPHATE PHOSPHATE 


KYNURENINE KYNURENIC ACID 
Fic. 4. Scheme for rendering holoenzyme unstable 


3 
KETO ACID (y¥MOLES/ML.) 


Fia. 5. Comparison of the effects of various a-keto acids on the inactivation of 
kynurenine transaminase during preincubation for 15 minutes at pH 6.3. After the 
period of preincubation, enzymatic activity was examined by adding kynurenine and 
6umoles of a-ketoglutarate. Curve1,a-ketoglutarate; Curve 2, oxalacetate; Curve3, 
a-ketovalerate; Curve 4, a-ketoisocaproate; Curve 5, pyruvate; Curve 6, a-keto-p- 
methylvalerate; Curve 7, a-ketoisovalerate; Curve 8, a-ketobutyrate; Curve 9, suc- 
cinate. 


arations more completely when preincubated in mixtures containing a-keto- 
glutarate (Curve 1, Figs. 6 and 7) than when preincubated without it. Re- 
action mixtures which were preincubated without a-ketoglutarate (Curves 
4 to 8) showed rates which were initially much lower but which were sub- 
sequently accelerated, suggesting that a-ketoglutarate promoted associa- 
tion during the transamination reaction. 

In the absence of a-ketogiutarate, preincubation of the apoenzyme prep- 
arations with the coenzymes at pH 6.3 did not cause significantly more 
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TaBLeE II 


Comparison of Various a-Keto Acids As Substrates for 
Kynurenine Transaminase Reaction* 


Experiment No. Keto acid A333 

1 a-Ketoglutarate 0.589 
Oxalacetate 0.528 

2 a-Ketoglutarate 0.978 
a-Ketoisovalerate 0.038 
a-Ketoisocaproate 0.292 
a-Keto-8-methylvalerate 0.063 

Pyruvate 0.103 

3 a-Ketoglutarate 0.900 
a-Ketovalerate 0.318 
a-Ketobutyrate 0.120 


* Aliquots of a purified preparation obtained by ammonium sulfate fractionation | 


(see under ‘‘Materials and methods’’) were incubated with 30 y of pyridoxal phos- 
phate and standard concentrations of keto acids and kynurenine sulfate in m/15 
phosphate buffer, pH 6.3, for 1 hour. 


0 10 20 30 40 
MINUTES MINUTES 
Fic. 6 Fic. 7 


Fics. 6 aNp 7. Effect of certain conditions during preincubation on the course of 
the subsequent kynurenine transaminase reaction. Fig. 6, activation with pyri- 
doxamine phosphate, 7.5 7 per ml. Fig. 7, activation with pyridoxal phosphate, 7.5 
yperml. Solid lines, pH 6.3; broken lines, pH 7.4. Preincubation condition, Curves 
1 and 2, coenzyme plus a-ketoglutarate; Curves 3 and 4, coenzyme only; Curves 5 and 
7, a-ketoglutarate only; Curves 6 and 8, neither. The curves for incubation mixtures 
which were not preincubated were like Curves 6 and 8 and are not shown. In all 
instances the reaction was started after 45 minutes by the addition of kynurenine and 
any other required factor not added earlier. Aliquots were removed and deprotein- 
ized after intervals indicated by the points on the curves. 
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activation. At pH 7.4, on the other hand, such preincubation resulted in 
substantial increases (Curve 3), although these were not as great as when 
a-ketoglutarate was present. Accordingly, there is both a lesser tendency 
to dissociate and a greater tendency to associate at pH 7.4 than at pH 6.3. 

Although the kynurenine transaminase of rat kidney appears to disso- 
ciate more readily than most enzymes involving pyridoxal phosphate, it 
may be paralleled in this respect by a system reported by Blakley (5) which 
interconverts serine and glycine. This system became inactive at pH val- 
ues above 9 and was reactivated by the addition of pyridoxal phosphate. 
Inactivation was thought to involve adsorption of the coenzyme by inert 
constituents of the enzyme preparation. Such an explanation has not been 
excluded in the present study, but it is believed to be of minor or secondary 
importance because little loss of kynurenine transaminase activity was evi- 
dent after 45 minute preincubations of added coenzyme with apoenzyme 
preparations (Fig. 6). Cleavage of pyridoxal phosphate and pyridoxamine 
phosphate by a phosphatase in the kidney homogenates was demonstrated, 
however, by means of paper chromatography.‘ This cleavage was dis- 
counted as a major factor in the inactivation phenomenon under study 
because increases in the concentration of phosphate buffer in the reaction 
mixtures resulted in decreases in the rate of the phosphatase reaction, 
whereas they increased the rate of inactivation of the kynurenine holotrans- 
aminase in kidney extracts at pH 6.3 (Fig. 2). 


DISCUSSION 


The transamination system under study is like the glutamate-aspartate 
transaminase system (6) in that an appreciable time interval is needed for 
maximal activation by pyridoxamine phosphate at pH 7.4 and that dialysis 
at pH 7.4 does not readily resolve the reconstituted holotransaminase. 
The kynurenine transaminase system, however, was maximally activated 
by pyridoxamine phosphate only after preincubation with a-ketoglutarate. 
Such an effect of keto acids in the activation of a transaminase seems not 
to have been reported previously, although superficially similar effects have 
been noted in the activation of bacterial tryptophanase (7) and in decar- 
boxylase (8) systems. Judging from the nature of the reactions involved, 
pyridoxamine phosphate is probably not a coenzyme in the decarboxylase 
and tryptophanase systems, hence the necessity for its conversion to pyri- 
doxal phosphate prior to activation. The activating effect of keto acids in 
the kynurenine transaminase system, on the other hand, seems to be a re- 
sult of the conversion of the apoenzyme-pyridoxamine phosphate complex 
to a more stable apoenzyme-pyridoxal phosphate complex. Possibly the 
greater stability of the latter form arises from the anionic character of 


* Mason, M., unpublished data. 
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pyridoxal phosphate at pH 6.3 (by calculating from dissociation constants 
obtained by Williams and Neilands (9)) contrasted with the isoelectric 
character predominating for pyridoxamine phosphate at that pH. The 
more strongly anionic character of both coenzymes at higher pH reactions 
may similarly explain the greater stability of the holoenzyme at pH 7.4. 


SUMMARY 


The previously described inactivation of the kynurenine transaminase of 
rat kidney which occurs when the extracts are incubated with phosphate 


buffer, pH 6.3, was shown to be strongly dependent on the concentration of — 


phosphate buffer and to be completely reversed by the addition of small 
amounts of pyridoxal phosphate or pyridoxamine phosphate. 

Pyridoxamine phosphate was much less effective than pyridoxal phos- 
phate in activating the kynurenine apotransaminase. Inactivation was 
therefore interpreted to be a result of rapid dissociation of the pyridoxamine 
phosphate from the apoenzyme. Both a-ketoglutarate and oxalacetate 
served adequately as substrates at concentrations of 0.006 m and pre- 
vented inactivation at concentrations as low as 0.002 m. Various mono- 
carboxylic a-keto acids, at similar concentrations, were relatively ineffec- 
tive both in the protective and substrate functions. It was concluded 
that the keto acids prevent dissociation during incubation at pH 6.3 by 
maintaining the holoenzyme in the more stable apoenzyme-pyridoxal phos- 
phate form. 


The author wishes to express his appreciation to Mrs. Eva McKenna for | 


assistance in purifying the apoenzyme preparations and to Mr. Clare John- 
ston for preparing kynurenine sulfate. 
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THE METABOLISM OF THE ORGANIC ACIDS 
OF TOBACCO LEAVES 


XIII. EFFECT OF CULTURE OF EXCISED LEAVES IN 
SOLUTIONS OF POTASSIUM BICARBONATE 


By HUBERT BRADFORD VICKERY anp JAMES K. PALMER* 


(From the Biochemical Laboratory of The Connecticut Agricultural 
Experiment Station, New Haven, Connecticut) 


(Received for publication, January 17, 1957) 


When organic acids which can readily enter into the metabolism of the 
leaves of the tobacco plant are supplied through the vascular system by 
the excised leaf culture technique, a marked accumulation of citric acid is 
frequently observed. ‘This has been shown to occur after the administra- 
tion of L-malate (1), succinate (2), fumarate (3), glycolate (4), and d-iso- 
citrate (5). No evidence is seen for a stimulation of the formation of citric 
acid above the rate observed in control leaves when oxalate (6, 7) or (+)- 
tartrate (8) is furnished, and some interference with the reactions seems 
to be exerted by maleate (3), malonate (9), or acetate (5). The general 
effects are those to be anticipated if a system of metabolic reactions which 
has analogies with the tricarboxylic acid cycle is assumed to play an im- 
portant role in the leaves of this species. The recent demonstration (9) 
of the rapid accumulation of succinic acid when malonate is administered 
to tobacco leaves indicates that an active succinic acid dehydrogenase sys- 
tem is present, an observation which furnishes further evidence in support 
of this view. 

Nevertheless, many other systems of enzymatic reactions in which or- 
ganic acids are involved also share in the general metabolism of plant 
leaves. Of the numerous possibilities open to investigation by the excised 
leaf technique, a study of the effect of the administration of bicarbonate 
ion in darkness was of particular interest, since the mechanisms concerned 
with the so called dark fixation of carbon would presumably become in- 
volved. The outcome has been the observation that citric acid accumu- 
lates in tobacco leaves cultured in 0.2 M potassium bicarbonate for 48 hours 
to about the same level as it does in identical leaves cultured in succinate 
or fumarate under similar conditions. 


EXPERIMENTAL 


Nicotiana tabacum, variety Connecticut 49, was grown in the greenhouse 
on soil with occasional additions of nutrient solution. The samples of 


* Present address, Virginia Institute for Scientific Research, Richmond, Virginia. 
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leaves were collected on July 11, 1955, by the statistical method (10) 55 | 


days after the seedlings were set out, ten samples of twenty leaves each 
being cut from twenty plants, the ten leaves counting upwards from the 


lowest full-sized leaf being taken from each plant. The coefficient of vari- — 


ation of the fresh weight was 2.5 per cent and that of the total nitrogen 
content was 1.14 per cent; the sampling error was thus acceptably small. 


Of the four experimental samples, two were cultured for 24 hours with © 
the bases of the leaves, respectively, in 0.1 mM and in 0.2 m potassium bi- — 
carbonate, and two for 48 hours in the same solutions. Separate control 
samples were cultured for 48 hours in water, in 0.2 M potassium sulfate, — 


in 0.2 m dipotassium phosphate at pH 8.0, in 0.2 m potassium succinate | 
initially adjusted approximately to pH 7.0, and in 0.2 m potassium fuma- | 
rate initially adjusted approximately to pH 6.9. The controls of the air- 
conditioned dark room were set for 24° and 50 per cent relative humidity. © 


During the culture period, the reaction of the phosphate solution changed 


to pH 7.8, and readings on the succinate and fumarate solutions at 24 and | 
48 hours showed minor changes since these solutions were also inadequately — 
buffered. It was assumed for purposes of calculation that the reaction of — 
the succinate solution during most of the culture period was at pH 6.8 and — 
that of the fumarate solution at pH 6.9. Readings on the bicarbonate © 


solutions indicated that they were approximately at pH 9. 


The control cultures in potassium sulfate and in water served to give E 
information on the behavior of this set of samples under conditions that — 
have been repeatedly examined; that in phosphate was designed to show — 


the effect of a moderately alkaline salt solution, and the cultures in succi- 
nate and fumarate were intended to show the effect of almost completely 


neutralized solutions of these acids at pH reactions more alkaline than ~ 
have previously been studied. The analytical methods employed have — 


been described in previous papers (11, 12). 

The changes in the fresh weight of the samples during culture are given 
in Table I, Line 1; all were negligibly small save for the leaves cultured for 
48 hours in 0.2 m potassium phosphate at pH 8 and in 0.2 m potassium bi- 


carbonate. The leaves in both of these samples wilted and lost about one- © 


fifth of their initial weight, but there was no other obvious evidence of 
harm to the tissue. The increases in the ash in Line 2 show that only a 


moderate uptake of potassium bicarbonate occurred in comparison with | 


the uptake of salts from the control solutions, and the increases in the alka- 
linity of the ash in Line 5 conform with this conclusion, as do the data for the 
increases in potassium! in Line 6. It may be noted that the increase in 
the alkalinity of the ash in the sample cultured in phosphate at pH 8 


1 We are indebted to the Department of Analytical Chemistry for the determina- 
tions of potassium by the flame photometric method. 
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should be one-half of the increase in potassium if dipotassium phosphate is 
converted into pyrophosphate in the muffle furnace; this was approxi- 
mately true. However, the agreement between the data for the increases 
in the alkalinity of the ash and of the potassium is only moderately good, 
the mean discrepancy in the seven experiments being slightly more than 
10 per cent of the amount of potassium found. 

The effects upon the pH of extracts of the dried tissue (Line 7) were all 
small save for the samples cultured in phosphate and in 0.2 m bicarbonate 
for 48 hours; these became nearly 1 pH unit more alkaline. 

The uptake of acids from the culture solutions (Line 8) was computed 
from the change in the alkalinity of the ash (Line 5) except for the sample 
cultured in phosphate. This was calculated from the increase in the ash 
on the assumption that the acquired dipotassium phosphate was converted 
into potassium pyrophosphate. The uptake of carbonic acid, expressed in 
milliequivalents, was taken to be twice the increase in the alkalinity of the 
ash, while that of succinic acid was calculated on the assumption that at 
pH 6.8 this acid is 97 per cent neutralized. At pH 6.9, fumaric acid was 
assumed to be completely neutralized. 

Lines 10 to 17 (Table I) show the effects of the culture solutions upon 
the organic acid composition of the samples. Line 10 gives the data for 
the changes in the amounts of titratable organic acids that are eluted from 
the Dowex 1 column during the analytical procedure. The data for the 
changes of the separately determined oxalic acid (Line 13) are not included. 
The small losses from the samples cultured in water or in potassium sulfate 
presumably represent effects of respiration. ‘The large increase in the 
sample cultured in phosphate represents the acquisition of a component 
which has been designated “Unknown acid A” in previous papers of this 
series. ‘This component is eluted from the Dowex 1 column together with 
citric acid, and the quantity shown (Line 16) is in each case the difference 
between the sum of the titrations of the fractions that contain citric acid 
and the result of the determination of citric acid by the pentabromoacetone 
method (13) in the pooled fractions. The identification of this component 
as phosphoric acid was made by conventional qualitative and quantitative 
tests.? 

Malic acid decreased and citric acid increased in the samples cultured 
in water and in potassium sulfate in the manner to be expected from pre- 
vious experiments, and the amount of citric acid formed in the water con- 
trol indicates that the enzyme systems concerned in these reactions were 
moderately vigorous. The loss of malic acid from the two samples cul- 
tured for 48 hours in bicarbonate was of about the same magnitude as the 


* Englard and Colowick (14) have also recently observed that phosphoric acid is 
eluted from Dowex 1 by formic acid. 
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loss from the water control, but the increases of citric acid were notably 
greater. Malic acid increased in the sample cultured in succinate at pH 
6.8 as it has been found to do both at pH 5 (3) and pH 6 (7), and the for- 
mation of citric acid was also stimulated. The effect of culture in fuma- 
rate at pH 6.9 upon both malic acid and citric acid also closely resembled 
the effects previously observed at pH 5 and 6 (3). 

The oxalic acid content of the samples (Line 13) was changed little if at 
all by any of the conditions of culture. The presence of a trace of succinic 
acid could be detected in most of the samples on the plots of the titration 
of the fractions eluted from the Dowex 1 column. However, only the 
sample cultured in succinate contained a significant amount of this acid 
(Line 14). No fumaric acid was detected in any of the samples except the 
last; the fractions eluted immediately after citric acid during the analysis 
of this sample each left a visible deposit of fumaric acid when dried in 
preparation for titration (Line 15). 

The component hitherto designated Unknown acid A (Line 16) found in 
the pooled citric acid fractions from the Dowex 1 column and now identified 
as phosphoric acid* was not influenced by any of the conditions of culture 
with the exception of the sample cultured in phosphate. A water extract 
of the control sample contained the equivalent of 27.1 m.eq. of phosphoric 
acid per kilo by the Fiske and Subbarow method (15), and the pooled 
citric acid fractions obtained from it contained 23.9 m.eq. Thus, 88 per 
cent of the phosphoric acid initially present found its way into the citric 
acid fraction. At the end point of the indicator used in the titration of 
these fractions, phosphoric acid is about 66 per cent titrated. Accordingly, 
15.9 m.eq. of acidity due to phosphoric acid should have been titrated; 
the quantity of Unknown acid A found was 15.3 m.eq. In the citric 
acid fraction from the sample cultured in phosphate, the increase in phos- 
phoric acid was 179 m.eq. The increase in acidity should therefore have 
been 119 m.eq., the increase found being 103 m.eq. 

The item designated ‘‘Undetermined acids” in Line 18 represents the 
sum of the titrations of the fractions eluted by formic acid from the Dowex 
1 column in advance of malic acid. This is a complex mixture which 
contains trace amounts of p-glyceric acid (16), succinic acid, quinic acid, 
aspartic acid, glycolic acid, and several other components as yet uniden- 
tified. Succinic acid can usually be recognized since it is the last to emerge 
before malic acid. For the detailed examination of this group of acids, 
the use of acetic acid as eluting agent is essential (12). The data in Line 
18 suggest that bicarbonate ion supplied to the leaves exerts a little in- 


3 In experiments on a larger scale, traces of malonic and of d-isocitric acids have 
also been detected in this fraction by chromatographic and enzymatic methods. 
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fluence upon these substances; succinic and fumaric acids, however, give 
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rise to a marked increase in one or more of them. 


TaBLeE II 
Metabolic Effects of Bicarbonate Ion on Composition of Tobacco Leaves 


Data expressed in terms of 1 kilo of initial fresh weight of leaves. 


tion of the derivation of these quantities, see the text. 


For an explana- 


Line 
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10 


Changes during culture in darkness 


K2SO4 


K:HPO, 


Potassium bicarbonate 


Water 


0.2 
pH 8.0 


0.1 M 


48 hrs. 


24 hrs. 


Respiration loss, 
gm. 

A ash found, gm. 

A potassium cal- 
culated as salt 
(K280,, K,4P207 
or K:;CQs), gm. 

K,CO; equivalent 
to A alkalinity 
of ash, gm. 

A malic:A citric 
acids, molar ra- 
tio 

Citric acid as- 
sumed to be de- 
rived from malic 
acid, mmoles 

Citric acid de- 
rived from 
another source, 
mmoles 

Uptake of acid, 
mmoles 

Ratio, Line 7 to 
Line 8, as % 

Ratio, A titratable 
acids to twice 
data of Line 8, 
as % 


2.4 


7.9 


—1.2 


—3 


(3.0) 


+13.5 
+13.6 


4.7 


(3.7) 


+2.0 
+2.2 


1.9 


0.6 


2.9 


6.2 


28.0 


22.2 


36.8 


1.1 


7.1 


6.0 


32.5 


18.4 


24.5 


0.6 


3.2 


7.3 


48.5 


15.6 


25.2 


0.7 


6.9 


12.4 


66.5 


18.6 


23 .6 


11.8 


87.5 


0.2 


1.9 


16.2 


65.5 


0.25 


The data for the behavior of the protein (Line 19) indicate that pro- 
teolytic reactions were stimulated in the leaves cultured in solutions of 
salts as has been repeatedly observed. No effect attributable to the alka- 
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linity of the solutions used in the present experiments was noted. The 
data for the behavior of the starch content of the leaves are not given in 
detail. ‘The leaves contained only 0.70 gm. per kilo of starch at the start 
of the experiments, an unusually small amount, and only traces remained 
at the end. 

In Table II are collected data derived from the analytical results of 
Table I. The estimations of respiration loss (Line 1) represent in each 
case the difference between the change in the corrected organic solids and 
the calculated uptake of acid. The loss from the water control sample was 
rather small. However, the administration of potassium sulfate or of the 
salts of the organic acids resulted in an increase in the net loss of organic 
substances from the leaves as is usually observed. The loss from the sam- 
ple cultured in phosphate was computed from the weight of dipotassium 
hydrogen phosphate equivalent to that of the pyrophosphate in the ash. 
This was deducted from the total solids to give an estimate of the organic 
solids in this sample. No further correction for carbonate in the ash was 
made and the value found for the respiration loss is accordingly parenthe- 
sized. If such a correction is applied, the apparent loss becomes 1.4 gm. 
per kilo, an improbably low result. The estimates of respiration loss from 
the samples cultured in bicarbonate are also parenthesized since they were 
made on the assumption that the bicarbonate ion taken up from the alka- 
line culture solution was retained in the tissue; 7.e., that no escape of car- 
bon dioxide occurred from a medium initially at or near pH 5.2. This 
seems unlikely and, accordingly, the values given merely furnish an upper 
limit for the respiration loss. The uncertainty results from the unsuita- 
bility of the experimental technique for studies of the effects of the ad- 
ministration of a volatile acid when precise values for the quantities fixed 
by the enzyme systems are required. 

Lines 2 to 4 of Table II show the increases in the inorganic solids, calcu- 
lated from the determinations of potassium and of alkalinity of ash, in 
comparison with the increases of ash found. The agreement is satisfactory 
in most instances. 

The molar ratio of the decrease in malic acid (Table I, Line 11) to the 
increase in citric acid (Table I, Line 12) is given in Line 5 of Table II. 
The value 2.4 for the sample cultured in water is within the limits usually 
found and indicates that the metabolism of these acids followed the normal 
course in this set of samples. The ratio 3.0 for the sample cultured in po- 
tassium sulfate is a little high although not greatly out of line. It is pos- 
sible that the utilization of malic acid was somewhat stimulated. The 
ratios for the other samples are, however, all seriously depressed and clearly 
reveal a marked interference with the usual course of events. No expla- 
nation can at present be advanced for the pronounced effect of phosphate. 
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Lines 11 and 12 of Table I show that the utilization of malic acid by this 
sample, in comparison with the control, was somewhat low, while the for- 
mation of citric acid was stimulated. The effects upon the organic acids 
of tobacco leaves of culture in solutions of phosphate obviously warrant 
further study. 

The advent of bicarbonate ion did not diminish the extent to which 
malic acid was utilized to any important degree, but there was a marked 
stimulation of the formation of citric acid. Twice as much citric acid was 
present in the leaves cultured for 48 hours in 0.1 m bicarbonate as was found 


in the water control, and about three times as much in those cultured in | 


0.2 m bicarbonate. Inquiry into the details of this effect is rendered diff- 


cult because of the lack of data on the amounts of bicarbonate ion which — 


actually entered into the reactions of the cells. If it is assumed, however, 
that the malic acid which disappeared from these samples was converted 
into citric acid in the same ratio as it is in leaves that have been cultured 
in water, some information regarding this quantity can be obtained. Line 6 
of Table II shows the amounts of citric acid that would have resulted if 2 
moles of malic acid were consumed in such a sequence of reactions, and 


Line 7 the estimated amounts of citric acid that must therefore have had | 


some other origin. The corresponding uptakes of carbonic acid are shown 
in Line 8. Line 9 then gives as percentages the molar ratios between these 
respective amounts of carbonic acid and the amounts of citric acid as- 


sumed to have resulted from reactions in the course of which the acquired | 


carbon dioxide entered into the formation of carboxy] groups. 
If a single carboxylation reaction was involved in the synthesis of each 
mole of citric acid produced, molar quantities of carbonic acid equal to 


those of citric acid shown in Line 7 would be required. The data in Line 9 | 


thus imply that, as the mean of the four observations, 18.7 per cent of the 
carbonic acid taken up was converted into non-volatile acids, the re- 


mainder presumably being lost as carbon dioxide. If this figure is used in | 
the calculation of the respiration loss, the estimates for these four samples | 


in Line 1 of Table II are diminished, respectively, to 2.3, 3.5, 2.4, and 3.5. 
In view of the small uptake of bicarbonate, these are entirely reasonable 
magnitudes. If more than one carboxylation reaction is involved in the 


synthesis of citric acid, or if the efficiency with which the bicarbonate ion — 
was used was greater than about 19 per cent, these figures become some- | 


what larger. 


DISCUSSION 


The observation that the administration of bicarbonate ion to the leaves 
of the tobacco plant promotes the formation of citric acid to about the 
same extent as succinate or fumarate under the same conditions is sug- 
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gestive of the operation of a mechanism whereby one or the other of these 
substances or, more probably, a closely related acid is produced by means 
of a carboxylation reaction. ‘The product may then be supposed to enter 
into the sequence of metabolic reactions characteristic of this species, the 
ultimate accumulation of citric acid being a consequence of the fact that 
citric acid is utilized at a rate considerably slower than it is formed. 
Granted a source of pyruvic acid from the metabolism of the carbohy- 
drates, of which an adequate supply was available, the starch alone being 
sufficient in all except one instance, the widely distributed (17) malic en- 
zyme of Ochoa, Mehler, and Kornberg (18) provides a mechanism whereby 
malic acid might arise from bicarbonate. A mechanism such as the forma- 
tion of oxalacetic acid from phosphoenolpyruvic acid and carbon dioxide, 
observed by Bandurski and Greiner (19) in spinach leaves and studied by 
Tchen and Vennesland (20), is an additional possibility, and other sug- 
gestions can also be made. However, oxalacetic acid has not been de- 
tected in the tobacco leaf and if formed would presumably have only a 
transitory existence, since enzymes such as malic dehydrogenase (21) 
which rapidly transform it to other substances are known to be present. 
Whatever the precise mechanism may be, Stutz and Burris (22) have 
demonstrated that radioactive carbon dioxide can be acquired by young 
tobacco plants from the surrounding air and assimilated into malic acid in 
darkness, and the present experiments provide direct analytical evidence 
of the operation of a mechanism whereby carbon dioxide is fixed as car- 
boxyl groups. 

If the mechanism by which citric acid is formed as a result of the me- 
tabolism of bicarbonate ion is in fact one which involves an interaction 
with pyruvic acid derived from the metabolism of the carbohydrates, a 
second method to estimate the proportion of the acquired bicarbonate ion 
which entered into the reactions becomes possible. The increase in the 
titratable organic acidity in Table I, Line 10, furnishes a measure of the 
new carboxy] groups and, if the assumption is valid, one-half of these were 
derived from bicarbonate ion and the other half from pyruvic acid. Ac- 
cordingly, the ratio of the increase in titratable acidity to twice the uptake 
of bicarbonate ion (Table II, Line 8) yields the fraction of the available 
bicarbonate ion which was fixed as carboxyl groups. This ratio, expressed 
as a percentage, is given in Table II, Line 10. Of the four values, three 
agree with each other closely and suggest that approximately 24 per cent 
of the bicarbonate ion acquired by the tissues entered into the metabolic 
reactions. The agreement with the estimate of about 19 per cent derived 
from other data upon quite different assumptions is perhaps as close as 
could be expected. 

The presence of one further enzyme mechanism must be assumed in 
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order to account for the formation of citric acid by the metabolism of one 
or other of the 4-carbon dicarboxylic acids, namely a system which has the © 
same function as the condensing enzyme of Ochoa, Stern, and Schneider 

(23). Few attempts to demonstrate the presence of this specific enzyme 
in green leaves have been made and none has led to entirely convincing re- 

sults, although Brummond and Burris (24) have obtained strongly sug- — 
gestive evidence of its presence in lupine leaves. Nevertheless, the direct © 
analytical evidence that citric acid is formed in the tobacco leaf at the ex. 
pense of 4-carbon dicarboxylic acids is now extremely strong and is con- | 
firmed by the experiments of Zbinovsky and Burris (25) with radioactive — 
malic acid. | 

Data which support the view that the general plan of the metabolic — 
transformations of bicarbonate, succinate, fumarate, and t-malate in the - 
tobacco leaf is essentially the same are collected in Table III. A third - 
significant figure is carried as an aid in the calculations. The last column — 
gives details from an earlier experiment (1) in which potassium L-malate | 
was administered to tobacco leaves at pH 7. Lines 1 and 2 give the 
changes in citric and malic acids after 48 hours of culture in darkness and — 
Line 3 the corresponding uptakes of acid from the respective culture solu- 
tions. Line 4 shows, for the experiments with bicarbonate, the two esti- | 
mates of the amounts of bicarbonate ion metabolized if either 18.7 or 24 
per cent of the amount taken up was fixed. The data for the other three — 
experiments represent the differences between the amounts of the indi- 
vidual acids taken up and those found in the leaves after 48 hours. In 
Line 5, the assumption is made that in each case malic acid is actually or 
potentially the source of the citric acid formed. Thus, to the quantities of 
carbonic acid metabolized in the first two experiments are added the quan- 
tities of malic acid that were used up during 48 hours. The increase of © 
malic acid in the experiment with succinate is deducted from the amount | 
of succinic acid metabolized (Line 4) on the assumption that this amount — 
of malic acid was derived from the acquired succinic acid and remained as 
such. The correction for the experiment with fumarate is small since only © 
a little of the malic acid present at the start was drawn upon. In Line 6, 
a further correction is made on the assumption that the small over-all loss — 
of titratable organic acids which occurred during the culture period fell | 
exclusively upon the acquired acid. Line 7 then gives the ratios of the | 
actual or potential malic acid which were presumably converted into citric 
acid to the increases in citric acid observed. 

The constancy of these ratios is striking and it is of interest that the mag- 
nitude for succinate in the present experiment is identical with that found 
by a similar calculation in a number of previous experiments with this 
acid (3). The ratio for fumaric acid also agrees well with previous obser- 
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vations (3). The evidence thus points strongly to the conclusion that bi- 
carbonate ion was metabolized in the tobacco leaf into a 4-carbon dicar- 
boxylic acid, although whether this acid was malic acid or oxalacetic acid 
is impossible to determine from the present evidence. 


III 
Consequences of Assumption That Bicarbonate Ion Furnished to Tobacco 
Leaves Is Assimilated into Malic Acid 
Data expressed in terms of 1 kilo of initial fresh weight of leaves. 
tion of the derivation of these quantities, see the text. 


For an explana- 


| Changes during culture for 48 hrs. in darkness 
| 0.1 0.2 pHi 68 6.9 7 

1 | A citric acid, +13.0 +19.3 +16.3 |+18.1 |+13.8 
mmoles 

2 | A malic acid, i) —13.9 +27.7 | —2.7 |+36.9 
mmoles 

3 | Uptake of acid, 32.4 66.6 87.5 | 65.5 | 70.1 
mmoles 

4 | Acquired acid me- 6.1 or 7.8f 12.4 or 16.07 | 67.1 | 28.3 | 33.2 
tabolized, 
mmoles 

5 | Acid metabolized 20.2 or 21.9f | 26.3 or 29.9f | 39.4} 31.0 
corrected for A 
malic acid, 
mmoles 

6 | Samecorrected 20.2 or 21.97 | 26.3 or 29.97 | 28.7 | 30.1] 23.9 
further for over- 
all loss of acid, 
mmoles 

7 | Ratio, Line 6 to 1.55 or 1.68f;| 1.36 or 1.54f se Ze 1.73 
Line 1 


* Data from an experiment with a different set of samples (1). 

t Alternative values on the assumption that either 18.7 per cent or 24 per cent of 
the bicarbonate ion available entered into the metabolism (see Table II, Lines 9 and 
10). 


It is not maintained that the coincidence of these ratios demonstrates 
the validity of the assumptions involved in the calculations. Their sig- 


nificance at the present time lies mainly in what they reveal of the analogies 
in the general course of the metabolism of the respective substances in the 
tobacco leaf. 


The relationship between the quantity of citric acid formed 
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and that of its immediate precursor seems to be essentially constant. Diff. 


culties arise, however, with the view that this amounts to a statement 


that the sequence of reactions is precisely that characteristic of the tri- 
carboxylic acid cycle, and that succinic, fumaric, and malic acids are equiv- 


alent in their ultimate effect inasmuch as they are readily interconvertible — 
substances. The third column of data in Table III shows that 67 mmoles | 


of succinic acid were converted into other acids, 28 mmoles of malic acid 
and 16 mmoles of citric acid being formed. Accordingly, if the sequence 


of reactions is that of the cycle, all of this succinic acid at some stage must | 
have been at least potentially present as fumaric acid. In the parallel ex-— 
periment, 28 mmoles of fumaric acid were metabolized, no malic acid was 


formed, but 18 mmoles of citric acid accumulated. Furthermore, 37 
mmoles of fumaric acid (Table I, Line 15) remained as such in the tissues 
although none was detected in the experiment with succinic acid. Obvi- 


ously there are many details of the transformations which these acids 


undergo in the green leaf which are yet to be explained. 


Grateful acknowledgment is made to Marjorie D. Abrahams, Katherine 
A. Clark, and Laurence 8. Nolan for technical assistance, to Dr. Israel 
Zelitch and Dr. David G. Wilson for practical aid and helpful discussion, 
and to the National Science Foundation for a grant which supported a part 
of the expense of this investigation. 


SUMMARY 


When excised leaves of the tobacco plant (Nicotiana tabacum, variety 


Connecticut 49) are cultured in darkness in potassium bicarbonate solu- 


tion, from one-fifth to one-quarter of the bicarbonate ion taken up is fixed © 
as the carboxyl groups of non-volatile organic acids. A stimulation of the 
formation of citric acid occurs which is approximately the same as that ob- — 


served when succinate or fumarate is made available to the leaves from 
solutions at approximately pH 7. A consideration of the quantities of 
acquired acid that are metabolized and of the products of the reactions 
that occur leads to the conclusion that the molar relationship of the amount 
of precursor used to that of the citric acid formed is essentially constant 
whether bicarbonate, succinate, fumarate, or L-malate is made available to 


the enzyme systems of the leaves. Nevertheless, fumaric acid does not — 
accumulate in the leaves when succinic acid is supplied although it does — 


when fumaric acid is made available. Thus, although the general plan of 
the metabolic reactions resembles that of the tricarboxylic acid cycle, cer- 
tain details remain to be explained. 

It was observed incidentally that the administration of phosphate at 
pH 8 to the leaves stimulates the formation of citric acid. Furthermore, 
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| 


) H. B. VICKERY AND J. K. PALMER 81 
Difi- the greater part of the inorganic phosphate of the leaves is retained by the 
nent Dowex 1 column used for the analytical determination of the organic acids 
tri) and is eluted by formic acid together with citric acid. 
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It has been known for some time that mammalian blood inhibits trypsin 
and plasmin. The problem of the specificity of this antiproteolytic activity 
is still not resolved. Several investigators (1-5) have shown evidence of 
the presence in human blood of different inhibitory agents which vary in 
their specific effect on trypsin and on plasmin. 

The present work is concerned with a comparison of the antitryptic and 
_ antiplasmic activities of various bovine plasma fractions, casein being used 
_ asa substrate. The ratio of antitryptic to antiplasmic activity for the 
_ various inhibitor fractions prepared was used as an index of whether all of 
_ the antiproteolytic activity of beef blood against trypsin and plasmin is 
_ due to one inhibitor or to separate proteolytic inhibitors. The data ob- 
tained are in agreement with the assumption that the antiproteolytic ac- 
tivity of beef blood against trypsin and plasmin is exerted by a single in- 
hibitory factor. 


EXPERIMENTAL 


Preparation of Various Antiproteolytic Fractions from Bovine Plasma— 
The procedure for obtaining inhibitor Fractions I and II is similar to that 
employed by Loomis et al. (6) and by Peanasky and Laskowski (7). 
Inhibitor Fraction I—Oxalated bovine blood was collected at the slaugh- 
_ ter house and centrifuged at 4°. To 1 liter of oxalated plasma, cooled to 
_ 0-5°, were added 1500 ml. of 0.9 per cent sodium chloride. After thorough 
mixing, 605 gm. of ammonium sulfate were slowly added with stirring and 
the solution was allowed to stand at 0-5° for at least 4 hours. After cen- 
trifugation in the cold for 45 minutes at 1300 X g, the supernatant fluid 
was adjusted to pH 3.7 to 3.8 with 5 Nn sulfuric acid, stirred for 10 minutes 
at 4°, and centrifuged at 4° for 45 minutes at 1300 X g. The precipitate 
was discarded and the supernatant fluid immediately adjusted to pH 6 to 
7 with 5 N sodium hydroxide. To each 100 ml. of solution, 28.05 gm. of 
ammonium sulfate were slowly added with constant stirring. After stand- 
ing for about 4 hours in the refrigerator, the solution was centrifuged. The 
supernatant fluid was discarded and the precipitate was dissolved in a 
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minimum of distilled water and dialyzed against distilled water at 4°. 
After dialysis, the protein concentration of the solution was adjusted to 1 
per cent by the addition of distilled water, and 42 gm. of ammonium sul- 
fate stirred in, at room temperature, for each 100 ml. of solution. After 
standing at room temperature overnight, the solution was centrifuged and 
7 gm. of ammonium sulfate for each 100 ml. of the original 1 per cent pro- 
tein solution were added to the supernatant fluid. After 4 to 6 hours at 
room temperature, the solution was centrifuged and the resulting precipi- 
tate dissolved in a minimal amount of distilled water. This solution was 
dialyzed against distilled water at 4° and lyophilized (inhibitor Fraction 
I). 

Inhibitor Fraction 1]—Inhibitor Fraction I was dissolved in 0.9 per cent 
sodium chloride at a protein concentration of 1 per cent. For each 100 ml. 
of the solution, 35 gm. of ammonium sulfate were added with stirring at 
room temperature. Any precipitate formed was removed by centrifuga- 
tion and the supernatant fluid, after being cooled to 0°, was adjusted to 
pH 4.0, stirred for 10 minutes at 0°, and centrifuged in the cold, and the 
supernatant fluid was adjusted to pH 7.0. 7 gm. of ammonium sulfate 
were added for each 100 ml. of the initial solution and the mixture was held 
at room temperature for 4 to 6 hours. Any resulting precipitate was re- 
moved by centrifugation and 14 gm. of ammonium sulfate for each 100 ml. 
of the initial solution were added. The entire procedure was repeated three 
times or until no precipitate was formed, except in the final fraction, which 
precipitated between 60 to 80 per cent saturation with ammonium sulfate. 
The final precipitate was dissolved in distilled water, dialyzed against dis- 
tilled water at 4°, and lyophilized (inhibitor Fraction IT). 

Electrophoretic Separation of Inhibitor Fraction [J[—A continuous paper 
electrophoresis technique, as described by Selden and Westphal (8), was 
employed for further fractionation of inhibitor Fraction II. The prepara- 
tion was dissolved in Michaelis buffer (pH 8.6, 1 = 0.05) at a protein con- 
centration of about 6 per cent. The solution was fed on to Whatman 3 
MM paper for 94 hours at an applied potential of 225 volts. The stained 
electrophoresis pattern showed essentially four fractions of different mo- 
bilities. 

Heat Inactivation Studies—Inhibitor Fraction I or II, in concentrations 
of 1.2 per cent in tris(hydroxymethyl)aminomethane (Tris)-NaCl buffer,' 
was heated at various temperatures and lengths of time, as indicated in 
Table II, cooled rapidly in ice water, and tested. For antiproteolytic as- 


1 Tris-NaCl buffer of pH 7.25: 12.5 gm. of Tris were dissolved in 500 ml. of distilled 
water. After addition of 20 gm. of sodium chloride and 85 ml. of 1 N hydrochloric 
acid, the volume was brought to 2 liters and the pH, if necessary, was adjusted to 
7.25. 
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says, the solutions were diluted with Tris-NaCl buffer to appropriate con- 
centrations and the antiproteolytic activity of the heated material was 
compared with that of unheated control samples. 

Enzyme Preparations—Trypsin, a stock solution containing 3 to 4 mg. of 
crystalline salt-free trypsin? in 100 ml. of 0.0025 nN hydrochloric acid, was 
used. Plasmin, 200 gm. of dried human plasma, Fraction ITI,’ was finely 
ground and extracted with 4 liters of 0.2 N sulfuric acid for half an hour at 
room temperature (9). About 10 gm. of Celite were added to the mixture, 
which was filtered rapidly through a Biichner funnel. The filtrate was imme- 
diately adjusted to pH 7 to 7.5 with 4 N sodium hydroxide, and ammonium 
sulfate was added slowly with stirring to 20 per cent of saturation (14 gm. of 
salt for each 100 ml. of solution). The solution was filtered as before, and 
the same amount of ammonium sulfate used in the first precipitation was 
added to the filtrate. The mixture was allowed to stand at 4° for 3 to 4 
hours, and the precipitate, obtained after centrifugation at 4° for 1 hour at 
1300 X g, was dissolved in 300 ml. of 0.066 m phosphate buffer of pH 7.2. 
To the solution were added 3000 units of streptokinase* for each gm. of 
human plasma Fraction III used as starting material. After standing for 
15 to 30 minutes at 25-26°, the mixture was adjusted to pH 3.0 with 1 N 
hydrochloric acid and dialyzed against 0.001 N hydrochloric acid at 4° until 
it was free from sulfate ions. The crude plasmin, obtained after lyophiliza- 
tion, was made up to a | per cent solution in 0.001 N hydrochloric acid. 
Sodium chloride was added to a concentration of 3 per cent and the mix- 
ture was kept at 4° for 3 to 4 hours. Any precipitate formed was removed 
by centrifugation and the supernatant fluid was brought to 20 per cent 
sodium chloride concentration. After standing for 2 hours at 4°, the pre- 
cipitate was removed by centrifugation, dissolved in 0.001 N hydrochloric 
acid, dialyzed against 0.001 N hydrochloric acid in the cold, and lyophilized. 
This partially purified plasmin preparation was soluble in distilled water. 
It was found that the proteolytic activity of this material was of an order 
similar to the human plasmin preparation® of Fishman and Kline (10), who 
employed a somewhat different purification procedure. 

Casein Substrate—A 1 per cent casein (11) solution was prepared by heat- 
ing 1 gm. of casein in 100 ml. of pH 7.4 phosphate-saline buffer at 100° in 
a water bath for 15 minutes. After filtration from traces of insoluble ma- 
terial, the solution was stored in a refrigerator. 


2? Obtained from Worthington Biochemical Corporation, Freehold, New Jersey. 

3 Obtained through the courtesy of the American National Red Cross and kindly 
supplied to us by the Cutter Laboratories. 

* Streptokinase-streptodornase varidase was supplied to us through the generosity 
of Lederle Laboratories Division, American Cyanamid Company. 

5 Kindly supplied to us by Dr. Daniel L. Kline, Yale University School of Medi- 
cine, New Haven, Connecticut. 
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Antiproteolytic Test—A modification of the methods of Northrup et al. — 
(12) and of Remmert and Cohen (13) was employed for determining pro- 


teolytic and antiproteolytic activities with casein as substrate. 


To 1 ml. of the buffered inhibitor solution was added 1 ml. of stand- © 


ardized plasmin or trypsin solution.* Inhibitor and enzyme were permitted 
to react for 30 minutes at 25-26°; 2 ml. of 1 per cent casein solution were 
then added and the mixture was incubated for 30 minutes at 35° + 1°. 
Proteolytic activity was stopped in the blanks containing enzyme and in- 
hibitor immediately after the addition of the casein solution, and in the 


samples after 30 minutes incubation, by the addition of 5 ml. of 5 per cent — 
trichloroacetic acid. The tubes were allowed to stand at room temperature — 


for 2 hours with occasional shaking. The precipitate was then removed by 


filtration through Schleicher and Schuell No. 589 filter paper. The optical © 
density of the filtrates was read at 280 my against appropriate blanks in a — 
Beckman DU spectrophotometer. All antiproteolytic activity determina- 


tions were carried out in duplicate or triplicate. 


Definition of Proteolytic and Antiproteolytic Activities—10 trypsin or 10 i 
plasmin units were arbitrarily defined as that degree of proteolytic activity 
which would produce an optical density of 0.500 after incubation with — 


casein for 30 minutes at 35° + 1°. It was found that 68 y of the crystal- 
line trypsin used corresponded to 10 proteolytic trypsin units. Corre- 


spondingly, 1 antitrypsin or 1 antiplasmin unit would be equal to that — 
amount of the inhibitor preparation capable of inhibiting 1 unit of trypsin | 
(6.8 y) or of plasmin, respectively. Curves obtained by plotting optical | 


density against the enzyme units were used to calculate the antiproteolytic | 


activity of an inhibitor preparation for trypsin and for plasmin, respec- — 
tively. The most reliable determinations were found to fall in the linear 


portion of the curves. 


In the assay, the difference between the number of proteolytic units in — 
the standard enzyme solution and in the enzyme solution containing the — 
inhibitor is indicative of the number of enzyme units inhibited. The anti- 
proteolytic activity of an inhibitor fraction has been expressed as antitryp- 
sin and antiplasmin units per mg. of preparation and is the basis for the © 


calculation of the ratio of antitryptic to antiplasmic activity. 
Results 


The average value of the antitrypsin to antiplasmin ratio for the various 
preparations reported, as well as others not included, was found to be 11 + 
2. As may be seen from Table I, the ratio between antitryptic and anti- 
plasmic activity was 11.1 for beef serum. Several investigators (14-16) 


6 It was found that solutions containing approximately 30 7 of trypsin or 2 mg. of 
plasmin per ml. were most suitable for these antiproteolytic studies. 
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have already reported that the inhibition of plasmin requires a higher con- 
centration of serum or plasma than is necessary to inhibit trypsin of equal 
proteolytic potency. 

Should any separation of the antitryptic and antiplasmic activities pres- 
ent in beef blood occur during the various stages of purification or heat 
inactivation, one would expect a corresponding change in the antitrypsin 
to antiplasmin ratio as established for beef serum. Inhibitor Fractions I 
and II, obtained by ammonium sulfate fractionation of bovine plasma, gave 


TaBLeE 
Antiproteolytic Activity of Bovine Serum and Various Plasma Fractions 
per mg. protein | per mg. protein 

Inhibitor Fraction I....................... 13.3 1.4 9.9 
Electrophoresis starting material........... 28.0 2.3 12.0 
Electrophoretic Fraction A................. 5.5 0.5 11.0 


The values given for serum, Fractions I and II, are the average of four and, for 
the electrophoretic fractions, of two experiments. Electrophoretic Fractions A, 
B, and C refer to the middle components collected and Fractions D and E are the 
fast moving components. The antiproteolytic activities of the slow as well as the 
fastest moving components were negligible and, therefore, are not recorded. 

*Values for beef serum are given in units per ml. 


a ratio of 9.9 and 12.8, respectively, falling within the range of the ratio 
established for bovine serum (Table I). 

Table I also presents the results for the fractions obtained by electro- 
phoretic separation. Most of the antiproteolytic activity was obviously 
concentrated in the fast moving component. The antitryptic activity, 
found for Fractions D and E, would indicate that 1 mg. of these inhibitor 
preparations would inactivate about 0.5 mg. of crystalline trypsin. The 
data of Table I also illustrate the point that no significant change in the 
antitrypsin to antiplasmin ratio was found for any of the fractions obtained 
by electrophoresis. 

Table II presents the results of experiments in heat inactivation with 
inhibitor Fractions I and II. The data show that the antitrypsin to anti- 
plasmin ratios for the various heated preparations remained reasonably con- 
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stant, the variations being well within the range of experimental error. 
It would appear, therefore, that the thermal destruction of antitryptic and 
antiplasmic activities occurred at the same rate. It would seem that the 
more highly purified inhibitor Fraction II was somewhat more heat-stable 
than the inhibitor Fraction I (Table IT). 

Shulman (2) reported that heating of human serum at 60° for 20 minutes 
decreased antitryptic activity to 10 per cent of its original value, while the 
ability to inhibit plasmin remained practically unchanged. As may be 
seen from Table IJ, comparatively little loss in antitryptic activity of 
inhibitor Fractions I and II occurred when they were heated at 60° for 45 


TABLE II 
Heat Inactivation of Antiproteolytic Activity 
Material Anciteypsin /Antiplasmin antiplasmin 

. min. | | ferme 
Inhibitor Fraction I Control unheated 14.3 1.5 9.6 

60 45 11.0 1.2 9.2 

65 45 8.3 0.7 11.7 

70 20 4.0 0.3 11.8 

70 30 2.5 0.2 10.3 
Inhibitor Fraction II} Control unheated 31.0 2.4 12.7 

60 45 23.0 2.2 10.5 

65 45 28.0 2.2 12.7 

70 30 13.0 1.2 10.8 


Values given are an average of four experiments. 


minutes. It is quite possible that human blood may contain a heat-labile 
specific antitryptic factor which, apparently, is not present in bovine blood. 
Recently Shulman (17) described an antitrypsin preparation from human 
plasma which is comparatively heat-stable. The possible identity of this 
inhibitor with the antiproteolytic factor from bovine blood has still to be 
elucidated. 


DISCUSSION 


The present findings are in agreement with the assumption that the anti- 
proteolytic activity of bovine blood, measured against trypsin and plasmin, 
is due to a single inhibitor. In contrast with this finding is the evidence 
for the presence in human blood of different proteolytic inhibitors which 
differ in their specific effect on trypsin and plasmin (1-5). It is obvious 
from the data presented that, in order to inactivate a given amount of pro- 
teolytic plasmin activity, it was necessary to use approximately 10 times 
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as much inhibitor preparation as for an equal amount of trypsin activity 
measured on casein. It may, therefore, be possible to observe mainly 
antitryptic activity and comparatively little antiplasmic activity if the 
amounts of the inhibitor preparation employed in the antiplasmin assay 
are not within the proper concentration range. ‘This ratio of antiplasmic 
to antitryptic activity would have to be taken into account when the 
antiplasmic activity of an inhibitor preparation is measured against human 
plasmin. 


SUMMARY 


The results of experiments designed to separate antitryptic and antiplas- 
mic activities of bovine blood by ammonium sulfate fractionation, by elec- 
trophoresis, and by heat inactivation agree with the assumption that the 
antiproteolytic activity of bovine blood against trypsin and human plasmin 
is due to a single inhibitory factor. 


BIBLIOGRAPHY 


1. Grob, D., J. Gen. Physiol., 33, 103 (1949). 

2. Shulman, N. R., J. Erp. Med., 95, 593 (1952). 

3. Ratnoff, O. D., Lepow, I. H., and Pillemer, L., Bull. Johns Hopkins Hosp., 94, 
169 (1954). 

4. Jacobsson, K., Scand. J. Clin. and Lab. Invest., 7, suppl. 14, pt. 2, 55 (1955). 

5. Siegel, M., Barclay, M., and Cliffton, E. IX., Abstracts, Division of Biological 
Chemistry, American Chemical Society, 130th meeting, Atlantic City (1956). 

6. Loomis, E. C., Ryder, A., and George, C., Jr., Arch. Biochem., 20, 444 (1949). 

7. Peanasky, R. J., and Laskowski, M., J. Biol. Chem., 204, 153 (1953). 

8. Selden, G. L., and Westphal, U. F., Army Medical Research Laboratory, Report 
No. 241, Fort Knox (1956). 

9, Christensen, L. R., and Smith, D. H., Jr., Proc. Soc. Exp. Biol. and Med., 74, 
840 (1950). 

10. Fishman, J. B., and Kline, D. L., Proc. Soc. Exp. Biol. and Med., 91, 323 (1956). 

ll. Carter, H. E., Biochem. Preparations, 1, 22 (1950). 

12. Northrup, J. H., Kunitz, M., and Herriott, R. M., Crystalline enzymes, New 
York, 2nd ed., 308 (1948). 

13. Remmert, L. F., and Cohen, P. P., J. Biol. Chem., 181, 431 (1949). 

14. Christensen, L. R., and MacLeod, C. M., J. Gen. Physiol., 28, 559 (1945). 

15. Lewis, J. H., and Ferguson, J. H., J. Clin. Invest., 29, 486 (1950). 

16. Gray, E. J., Volkringer, E. T., Chamowitz, D. L., Kocholaty, W. F., and Jensen, 
H., Endocrinology, 52, 228 (1953). 

17. Shulman, N. R., J. Biol. Chem., 213, 655 (1955). 


r. 
nd 
he 
es | 
he § 
be 
of 
in | 
le 
n 
is | 
e 
1, 
e | 
Ss 


| 
| 
| I 
Ir 
XUM 


ON THE NATURE OF THE INHIBITION OF GLUTAMATE 
OXIDATION BY THE CARCINOGEN, 
N-2-F LUOREN YLDIACETAMIDE 


By RUTH K. KIELLEY 


(From the National Cancer Institute, National Institutes of Health, Department 
of Health, Education, and Welfare, Bethesda, Maryland) 


(Received for publication, November 9, 1956) 


The inhibition of glutamate oxidation by various fluorene carcinogens 
was reported in a brief communication (1). Of the pyridine nucleotide- 
linked oxidations studied in rat liver mitochondria, L-glutamate, a-keto- 
glutarate, d-isocitrate, and pL-6-hydroxybutyrate, only glutamate oxida- 
tion was markedly inhibited. The degree of this inhibition was roughly 
correlated with the known carcinogenicity of the fluorene compound (2). 
Further investigations on the nature of the inhibition are presented in this 
paper.! The results of these studies indicate that the carcinogen, N-2- 
fluorenyldiacetamide,? inhibits the glutamic dehydrogenase of mitochon- 
dria by acting as a powerful inhibitor of DPN* for the enzyme. In this 
respect, the “native enzyme” present in mitochondria appears to be dis- 
tinctly different from crystalline glutamic dehydrogenase, which is only 
slightly inhibited in a non-competitive manner by the carcinogen. 


Materials and Methods 


DPN+ and DPNH of 90 per cent purity, cytochrome c, and crystalline 
adenosine 5’-phosphate were commercial products. The fluorene com- 
pounds were generously contributed by Dr. H. P. Morrisand Dr. H. Dyer; 
d-isocitrate was kindly supplied by Dr. G. H. Hogeboom. Crystalline glu- 
tamic dehydrogenase was a product of C. F. Boehringer, Mannheim, West 
Germany. 

Oxygen uptake was determined by the usual Warburg manometric 
method, and inorganic phosphate by the Fiske-Subbarow method. Mito- 
chondria were isolated from rat liver by the isotonic sucrose method of 
Schneider (4), with slight modification (5). Extracts of mitochondria were 
prepared by suspending the particles, washed three times, from 5 gm. of 
liver in 20 ml. of 0.07 m KCI-0.025 m K phosphate buffer, pH 7.6, by freez- 
ing, thawing, and homogenizing them two times, and finally by centrifuging 


1A part of these studies has been published in a preliminary note (3). 

? Abbreviations used in this paper are as follows: 2FdiAA, N-2-fluorenyldiaceta- 
mide; DPN+, diphosphopyridine nucleotide; DPNH, reduced diphosphopyridine 
nucleotide. 
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the suspension at 110,000 * g for 25 minutes in the Spinco preparative 
ultracentrifuge. The clear yellow supernatant extract containing glutamic 
dehydrogenase was kept frozen until used. Crystalline glutamic dehy- 
drogenase centrifuged from 1 ml. of suspension in ammonium sulfate solu- 
tion was dissolved in 5 ml. of 0.2 m K phosphate buffer, pH 7.6, and thor- 
oughly dialyzed against the buffer to remove ammonium sulfate. The 
enzyme was kept frozen when not used. 

Glutamic dehydrogenase activity was usually determined from the rate 
of reduction of DPN*+. The test system contained 0.2 ml. of 0.3 m K phos- 
phate, pH 7.6, DPN* as indicated in Tables I to V and Figs. 1 to 3, 0.05 
ml. of enzyme diluted when necessary with 0.07 m KC1-0.025 m K_ phos- 
phate, pH 7.6, 0.1 ml. of 0.3 m K glutamate, pH 7.6, and water to make 
a final volume of 3 ml. When activity was determined in the presence of 
carcinogen, the carcinogen was added either as a dilute aqueous solution re- 
placing most of the customary water volume or as an ethanolic solution, 
usually 0.05 ml., in which case an equal volume of ethanol was added to the 
control cell. Ethanol addition was made after addition of enzyme to pre- 
vent precipitation of carcinogen at high levels, and, in these instances, 
glutamate was added last to start the reaction. When aqueous solutions 
of carcinogen were employed, the enzyme was added last. The change in 
optical density at 340 my for 2 or 5 minutes was taken as the activity read- 
ing. The initial reading for zero time was taken 30 seconds after the reac- 
tion was started. The method of Olson and Anfinsen (6) was used when 
glutamic dehydrogenase activity was determined by oxidation of DPNH. 


Results 


Experiments with Whole Mitochondria—The inhibitory effect of the car- 
cinogen, 2FdiAA, on the oxidation of a number of different substrates is 
shown in Table I. It is especially noteworthy that glutamate oxidation as 
well as the accompanying phosphorylation was almost completely inhibited 
by the carcinogen (87 per cent inhibition) in contrast to the other pyridine 
nucleotide-linked oxidations studied which were considerably less inhibited. 
The oxidation of d-isocitrate, presumably also involving a DPN*-linked oxi- 
dation in mitochondria (7, 8), was moderately inhibited (37 per cent) and 
that of B-hydroxybutyrate a little less so (27 per cent). The oxidation of 
a-ketoglutarate was only slightly inhibited (10 per cent), while that of suc- 
cinate was almost unaffected. Inhibition of oxidation was in each case 


accompanied by lower phosphate uptakes which were proportional to the | 


decreased oxygen uptakes. The P:O ratios were thus not influenced by the 


carcinogen. 
The degree of inhibition of glutamate oxidation by 2FdiAA appeared to 
be influenced by a number of factors. The effect of carcinogen concentra- 
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tion, the ‘“‘state’’ of the mitochondria, and addition of DPN*+ on the inhi- 
bition response is shown in Table II. It is seen that, at an external car- 
cinogen concentration of 1.2 K 10~-4mM, inhibition of oxidation became 
significant. Furthermore, the inhibition increased after the mitochondria 
had stood for 30 minutes in the cold, although in this time interval the 
oxygen uptake of the uninhibited system remained unchanged. Finally, itis 


TABLE I 


Inhibition of Oxygen and Phosphate U ptakes by N-2-Fluorenyldiacetamide in 
Oxidation of Various Substrates by Rat Liver Mitochondria 


Oxygen uptake Phosphate uptake P:O0 
Substrate 
Control 2FdiAA Control 2FdiAA Control 2FdiAA 

pl. pl. pumoles pumoles 
L-Glutamate........... 129 17 24.9 2.0 2.17 1.32* 
d-Isocitrate............. 106 67 17.2 11.0 1.82 1.84 
pL-8-Hydroxybutyrate. . 61 45 15.1 11.5 2.77 2.86 
a-Ketoglutarate........ 88 79 17.6 16.6 2.24 2.35 
269 264 31.9 30.8 1.33 1.31 


* Phosphate uptake in this case was too small for accurate measurement. In 
other experiments in which less inhibition was noted, the P:O ratios determined for 
glutamate oxidation in the presence of 2FdiAA were equal to those of the controls. 
The reaction vessels contained 0.05 m histidine, 0.005 m MgClo, 0.0167 m phosphate, 
0.0069 m adenosine 5’-PO,, 1.33 XK 10-5 mM cytochrome c, 0.038 m KCl, and oxidizable 
substrate at the following concentrations: 0.035 mM glutamate, 0.01 M isocitrate, 0.015 
M a-ketoglutarate, 0.015 mM 8-hydroxybutyrate, 0.04 mM succinate; all were added as 
the K salt adjusted to pH 7.0; 0.025 ml. of absolute ethanol with or without dis- 
solved carcinogen, 1.5 X 10-4 m 2FdiAA final concentration, and 0.1 to 0.2 ml. of mito- 
chondria and water. Final volume, 1.5 ml., pH 7.0. Incubation time, 30 minutes, 
including 5 minutes for equilibration; temperature, 28°. Oxygen uptake during the 
equilibration period was assumed to be equal to that measured during the first 5 
minutes. Tostop the reaction, 0.3 ml. of 15 per cent perchloric acid was added from 
the side arm. The results are expressed according to the mitochondria obtained 
from 100 mg. of liver. 


noted that addition of DPN* in excess over the amount of carcinogen 
present prevented inhibition to a large extent. 

In some early experiments on the inhibition effect, it was observed that 
mitochondria which had lost phosphorylating ability showed considerably 
less inhibition of glutamate oxidation by 2FdiAA than did more intact 
particles. It was of interest therefore to see what effect 2 ,4-dinitrophenol 
would have on the inhibition response of intact mitochondria. In Table 
IIL it is seen that dinitrophenol appeared to release the inhibition caused 
by the carcinogen. From an initial inhibition of 94 per cent, when no 
dinitrophenol was present, the inhibition declined progressively with in- 
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creasing concentrations of dinitrophenol until, at 2 X 10-‘m dinitrophenol, 

the inhibition amounted to only about 13 per cent. 
The inhibition of glutamate oxidation by 2FdiAA was found to be rever- _ 

sible. Mitochondria preincubated with 1.5 & 10-4 m 2FdiAA showed no 


TABLE II 


Influence of Carcinogen Concentration, ‘‘State’’ of Mitochondria, and Addition of 
DPN* on Inhibition of Glutamate Oxidation 


Oxygen uptake 
Conditions 
, "11.2 1074) 1.8 10-4 2.4 107 
ul. ul. ul. pl. 
Mitochondria immediately after prep- 

Mitochondria 30 min. after preparation.| 65 40 7 2 2 
7.5 X 10-4 m DPN? present in incuba- 

tion medium; mitochondria 60 min. 

after preparation................... 91 54 46 


The conditions were those indicated in Table I; time, 18 minutes. 


TaBLeE III 
Release of 2FditAA-Induced Inhibition of Glutamate Oxidation by 2,4-Dinitrophenol 
Oxygen uptake 
Dinitrophenol concentration 
Control 2FdiAA Inhibition 
M pl. pl. per cent 
0.00 85 5 94 
2X 10-5 86 17 80 
5 X 1075 81 33 59 
1 X 10 76 50 34 
2X 10 78 68 13 


The conditions were those described in Table I. The results are expressed ac- 
cording to the mitochondria obtained from 75 mg. of liver. 


impairment of glutamate oxidation after the carcinogen was washed out or 
after a 10-fold dilution showed no more inhibition than a non-treated con- 
trol in the presence of 1.5 X 10-5 m 2FdiAA. V 

Experiments with Extracts of Mitochondria—In an attempt to define more 


precisely the mechanism of action of the carcinogen on glutamate oxidation, ‘ 
the reaction was studied with extracts of mitochondria. In Fig. 1, A, the 7 
relation between glutamic dehydrogenase activity of mitochondrial extract : 


and DPN?* concentration in the presence and absence of 2FdiAA is shown; 
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the behavior of crystalline glutamic dehydrogenase under similar conditions 
is shown in Fig. 1, B. It is at once apparent that the carcinogen inhibited 
the mitochondrial enzyme to a significantly greater extent than the crys- 
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Fic. 1. Relation between DPN* concentration and glutamic dehydrogenase ac- 
tivity in the presence and absence of 2FdiAA. A, mitochondrial extract; B, crystal- 
line glutamic dehydrogenase. The reaction cell contained 2.5 ml. of 1.52 * 10-4 m 
2FdiAA to give a final concentration of 1 KX 10-4 mM carcinogen. Other additions and 
conditions are described in the text. Time, 2 minutes. 
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Fig. 2. Lineweaver-Burk plot of the data in Fig. 1. A, mitochondrial extract, 
B, crystalline glutamic dehydrogenase. 


talline enzyme, particularly at the lower DPN?+ concentrations. A Line- 
weaver-Burk plot of the data of Fig. 1, A, over a restricted range of DPN+ 
concentrations is shown in Fig. 2, A. The character of the plot indicates 
that a competitive type of inhibition is essentially involved. The slight in- 
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hibitory effect of the carcinogen on the crystalline enzyme appears to be 
non-competitive (I*ig. 2, B). 

The effect of carcinogen concentration on inhibition of glutamic de- 
hydrogenase activity is shown in Fig. 3. It is seen that increasing con- 
centrations of 2FdiAA caused a progressive increase in inhibition to a point 
at which solubility of the carcinogen became the limiting factor, at about 
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Fic. 3. Effect of 2FdiAA concentration on glutamic dehydrogenase activity of 
mitochondrial extract. DPN* concentration, 6 X 10-4 M; time, 2 minutes. 0.05 ml. 


of ethanol containing dissolved carcinogen. Other additions and conditions were — 


those described in the text. 


1.5 xX 10-‘m. It is also seen (Fig. 3) that, under the conditions of the ex- 
periment (preincubation), 50 per cent inhibition occurred at a carcinogen 


to DPN? ratio of about 1:6. 
The effect of other fluorene compounds on the glutamic dehydrogenase 


activity of mitochondrial extract is shown in Table IV. N-2-Fluorenyl- | 


acetamide was nearly as inhibitory as the corresponding diacetamide, 
whereas 2-fluoreneamine was somewhat less inhibitory. These compounds 
were followed by N-1-fluorenylacetamide and N-4-fluorenylacetamide in 
order of decreasing inhibition. Under the conditions of the experiment, 
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all of the fluorene derivatives tested exerted some inhibitory effect. Again, 
as in the experiments with whole mitochondria, there is a relation between 
the order of the compounds with respect to inhibition of glutamate oxida- 
tion and their relative carcinogenicity (1). 


TABLE IV 


Effect of Various Fluorene Derivatives on Glutamic Dehydrogenase Activity 
of Mitochondrial Extract 


Fluorene compound 


The cuvettes contained 0.02 ml. of 0.009 m fluorene compound dissolved in ethanol, 
0.05 ml. of 0.015 m DPN*, 0.05 ml. of mitochondrial extract, and other additions as 
described in the text; time, 5 minutes. 


TABLE V 


Glutamic Dehydrogenase Activities of Mitochondrial Extract and of Crude 
Enzyme Fraction Precipitated by Ammonium Sulfate 


Glutamic dehydrogenase activity 


Enzyme By DPN* reduction By DPNH oxidation 


Control 2FdiAA Control 2FdiAA 


0.075 0.036 0.289 0.135 
Crude enzyme fraction.................... 0.054 0.032 0.167 0.128 


Preparation of crude enzyme: 5 ml. of mitochondrial extract were treated with solid 
ammonium sulfate to 70 per cent saturation. The precipitate after 30 minutes was 
centrifuged, dissolved in 3 ml. of 0.07 m KC1-0.025 m K phosphate, pH 7.6, dialyzed 
against repeated changes of the buffer to remove ammonium sulfate, and finally 
brought to the original volume of 5 ml. with the buffer. 5 ml. of untreated extract 
were dialyzed in the same buffer for the same period of time. Conditions of assay: 
0.05 ml. of 0.015 m DPN* or DPNH, 0.05 ml. of mitochondrial extract or its equiva- 
lent, 0.025 ml. of 0.009 m 2FdiAA dissolved in ethanol; other additions and conditions 
were as described in the text; time, 5 minutes. 


Inhibition of glutamic dehydrogenase activity of mitochondrial extract 
by 2FdiAA was independent of the direction in which the reaction was 
measured. As seen in Table V, at a DPNH concentration equal to that 
of DPN*+, the percentage inhibition of DPNH oxidation was nearly the 
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same as that of DPN+t reduction. Treatment of the mitochondrial extract 
with ammonium sulfate to 70 per cent saturation yielded a crude enzyme 
fraction which, after dialysis, showed less sensitivity to the inhibitory ac- 
tion of the carcinogen than the enzyme in the untreated extract, especially 
when the method of assay was by DPNH oxidation (Table V). The sus- 
ceptibility of the isolated crude enzyme to the inhibitory action of the 
carcinogen appears to be intermediate between that of the native enzyme 
of the extract and that of the crystalline enzyme. 


DISCUSSION 


The effect in vitro of the fluorene carcinogens on biological oxidations in 
rat liver mitochondria appears to be an inhibition of DPNt-linked oxida- 
tions, notably glutamate oxidation. Studies on the mechanism of inhibi- 
tion with soluble extracts of mitochondria clearly show that the carcinogen, 
N-2-fluorenyldiacetamide, acts as a powerful competitor of DPN* for the 
glutamic dehydrogenase of mitochondria. Depending upon the condi- 
tions of the experiment, at 50 per cent inhibition, the ratio of carcinogen to 
DPN? corresponded to values of 1:6 to 1:1.5, indicating that the inhibitor 
has an affinity for the enzyme that may be as great as or considerably 
greater than that of DPNt+. The carcinogen functions as an effective in- 
hibitor only on the native enzyme present in mitochondrial extract and 
not on crystalline glutamic dehydrogenase. There is some evidence from 
the decreased sensitivity of an isolated crude enzyme fraction that the iso- 
lation procedure in the preparation of the crystalline enzyme may bring 
about this change. This difference in sensitivity to the carcinogen of the 
“native” and the crystalline glutamic dehydrogenase may represent an ex- 
ample of the possibility that enzymes in the intact living cell may possess 
physiologically important properties which are not exhibited by the en- 
zymes after they are isolated. 

In considering possible reasons for the difference in the inhibition re- 
sponse between the glutamic dehydrogenase of mitochondrial extract and 
the crystalline enzyme, it might be supposed that the extract contained 
some material which, in association with the enzyme, was responsible for 
the diminished activity in the presence of carcinogen. No evidence was 
obtained, however, that material in the mitochondrial extract combined 
in this manner with added crystalline glutamic dehydrogenase. The in- 
hibition observed with a mixture of the extract and the crystalline enzyme 
in the presence of carcinogen was the average of the inhibitions shown by 
the separate preparations. 

The results of the present studies on the mechanism of inhibition of 
glutamate oxidation as carried out with soluble extracts of mitochondria 
offer some basis for the interpretation of the response of intact mitochon- 
dria to the carcinogen under a variety of conditions. In experiments 
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with whole mitochondria, it was observed that different preparations of 
mitochondria often showed considerable variation in their ability to oxidize 
glutamate in the absence of added DPN* and still more variation in the 
magnitude of the inhibition response to the carcinogen. Some prepara- 
tions from presumably normal healthy rats would not oxidize glutamate at 
all without added DPN*+; others would initially show some activity but 
would become inactive quickly (15 minutes in the cold). Dianzani (9) has 
observed similar instability of DPN*+ in liver mitochondria from animals 
receiving treatments that produce fatty livers. In general, mitochondria 
from adult male Sprague-Dawley rats, weighing about 200 gm. and kept 
on a diet of Purina chow, were relatively stable, showing no decline in rate 
of glutamate oxidation in the absence of added DPN* up to 4 hours of 
storage at 0°. Such mitochondria were used in obtaining the results re- 
ported in this paper. In view of the dependence of the inhibition re- 
sponse on DPN* concentration, it is not surprising that mitochondria often 
showed these wide and changing responses to the carcinogen as a reflection 
of the state of DPN*+ within the particle. More specifically, the inhibi- 
tion response might be directly related to the concentration of DPN? as- 
sociated with glutamic dehydrogenase within the mitochondria. With so 
called tightly coupled mitochondria that maintain DPN? for relatively 
long periods, the degree of inhibitions observed was considerably greater 
than that frequently observed with less tightly coupled mitochondria that 
lose DPN* rapidly. The larger inhibition response of tightly coupled 
mitochondria, in spite of their expected higher total levels of DPNt, might 
be attributed to a rather limited supply of DPN* actually available to the 
enzyme; namely, that which is specifically bound to glutamic dehydro- 
genase and that which is present as free DPN*. The greater part of the 
DPN? in the mitochondria, viewed as being bound to other dehydrogenases 
(10), is therefore not available to afford protection against inhibition ac- 
cording to this picture. The release of the carcinogen-induced inhibition 
by 2,4-dinitrophenol, however, suggests that a relatively large amount of 
bound DPN? was set free by this reagent well known for its uncoupling 
effect on oxidative phosphorylation (11). The increase in free DPNt in 
the mitochondria by this postulated mode of action of dinitrophenol could 
provide considerable protection against the inhibitory action of the car- 
cinogen. The state of DPN* in less tightly coupled mitochondria may be 
comparable to that produced by dinitrophenol in tightly coupled mito- 
chondria. It is conceivable that, in the less tightly coupled state, the 
particles are not able to maintain DPN? in a bound condition very long, 
with the result that more free DPN? is available for a time (before under- 
going enzymatic destruction or diffusion out of the particle) to provide 
some protection against inhibition. 

The wide variation in the inhibition response of the same mitochondria 
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to the carcinogen in different DPNt-linked oxidations, ranging from 90 
per cent inhibition in the case of glutamate oxidation to 10 per cent in- 
hibition in the case of a-ketoglutarate oxidation, may be due to basic differ- 
ences of relative affinities of the carcinogen and DPN?* for the individual 
dehydrogenases present in mitochondria. 


SUMMARY 


It has been observed that the carcinogen, N-2-fluorenyldiacetamide 
(2FdiAA), inhibits diphosphopyridine nucleotide (DPN*)-linked oxida- 
tions in rat liver mitochondria, notably glutamate oxidation. By study- 
ing the reaction in soluble extracts of mitochondria, the mechanism of in- 
hibition was shown to involve competition of 2FdiAA with DPN* for the 
glutamic dehydrogenase of mitochondria. The carcinogen was an effec- 
tive inhibitor only on the “native enzyme” and not on crystalline glutamic 
dehydrogenase, and appeared to have a greater affinity for the enzyme 
than did the natural cofactor. The response of whole mitochondria to the 
carcinogen during the oxidation of glutamate is discussed in terms of the 
“state” of DPN+ that may exist under various conditions within the par- 


ticles. 
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THE APPARENT FIRST DISSOCIATION CONSTANT, pkKy’, 
OF CARBONIC ACID IN THE HUMAN 
ERYTHROCYTE* 


By NORMAN DEANE} anp HOMER W. SMITH 


(From the Department of Medicine, Post-Graduate Medical School, and the Department 
of Physiology, College of Medicine, New York University-Bellevue Medical 
Center, New York, New York) 


(Received for publication, January 28, 1957) 


Early studies by Stadie and Hawes (1), Van Slyke, Hastings, Murray, 
and Sendroy (2), and Dill, Daly, and Forbes (3) reported estimated values 
for the apparent first dissociation constant, pK’, of carbonic acid which 
varied in reduced and oxygenated red cells and differed significantly from 
the accepted value for pkX;’ for carbonic acid in serum, namely 6.11 (3). 
In the last study cited, which appears to be the most accurate, Dill, Daly, 
and Forbes calculated pk,’ from two samples of reduced cells as 5.98 and 
from one sample of oxygenated cells as 6.04. These studies were performed 
by exposing red cell hemolysates to known partial pressures of carbon 
dioxide and measuring pH and total CO» content. 

The reason for the difference in pKy’, as between reduced and oxygenated 
cells, is unexplained, as is the difference between pK,’ in cells and serum. 
The calculated value of pk,’ derived by Warburg (4) and Van Slyke et al. 
(2), based on estimated ionic strength in the red cell, is close to that for 
serum. Subsequent to these studies, Ferguson and Roughton (5) and Fer- 
guson (6) demonstrated that part of the total COs in the red cell is bound 
as carbamino hemoglobin, and it must be assumed that this chemically 
bound CO, does not operate in the carbonic acid-bicarbonate buffer system. 

In view of the discrepancies in the reported data we have determined 
ply’ in human red cells after correction for carbamino hemoglobin. 


Methods 


Samples of peripheral venous blood were drawn without stasis through 
an indwelling needle from the antecubital vein in eleven normal subjects 
who had been at rest for 20 minutes. The blood was drawn into syringes 
lubricated with Dow-Corning stopcock grease and containing heparin and 
sodium fluoride (to inhibit glycolysis). Appropriate volumes were re- 

* This study was supported by funds supplied by the New York Heart Association 
and by grants from the School of Aviation Medicine, United States Air Force, Ran- 
dolph Air Force Base (AF 18(600)-938), the Atomic Energy Commission (AT (30-1) - 
1431), and the National Heart Institute of the National Institutes of Health (H-1172). 

t John Polachek Fellow for Medical Research. 
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moved for duplicate whole blood COz and Oz content, O2 saturation, and 
hematocrit determinations. The sample was centrifuged under mineral 
oil which had previously been saturated with COs, and plasma was removed 
for the determination of CO2 content in duplicate and pH in triplicate by 
gentle suction into a Van Slyke pipette. The remaining supernatant 
plasma and buffy coat were removed by suction into a micropipette and 
discarded. The red cells, still under oil, were hemolyzed without exposure 
to air by repeated freezing and thawing, by employing a dry ice-alcohol 
mixture. The red cell hemolysate was then analyzed for COz and Os: con- 
tent in duplicate and pH in triplicate. 

COz and Oz analyses of plasma, whole blood, and cell hemolysate were 
performed by the method of Van Slyke and Neill (7). The pH of plasma 
and cell hemolysate was determined with a Cambridge research model pH 
meter by employing a constant temperature (37° + 0.3°), water-jacketed 
MacInnes-Belchen glass microelectrode standardized to 0.01 pH unit after 
each measurement. Plasma water and whole blood water content were 
determined by drying known volumes to constant weight. Cell water con- 
tent was calculated from these data and the hematocrit. 


Calculations 


It is assumed that the red cell is freely permeable to CO2 and that the 
partial pressure of CO: in the plasma (P¢o,)p is equal to the partial pres- 
sure of CO: within the red cell (Pco,)-. The value 6.11 is employed as 
pK,’ for carbonic acid in plasma (3). No correction is made for carbamino 
protein in plasma. Total COz2 (dissolved COz2 + H2CQOs3) in the plasma 
and red cell, in milliequivalents per kilo of water, is obtained by multiply- 
ing the solubility coefficient of COs, a, by Peco, (3), where a, = 0.0334, 
and a, = 0.0362. When all concentrations are in molal quantities (milli- 
equivalents per kilo of water): 


{HCO;7] 
+ 


[total CO, aP. CO) 
laPco,] 


(1) | pH = pK,’ + log 


(2) pH = pK,’ + log 


Total CO:2 content of the red cell was corrected for carbamino hemoglo- 
bin at Peo, of 40 mm. of Hg by assuming that 0.11 mmole of CO2 combines 
as carbamino hemoglobin per mmole of oxyhemoglobin and 0.33 mmole 
of COz as carbamino hemoglobin per mmole of reduced hemoglobin (5, 6). 
The partition of oxyhemoglobin and reduced hemoglobin in gm. was cal- 
culated from the O2 content and Oz saturation, on the assumption that 1 
gm. of hemoglobin combines with 1.34 cc. of oxygen (8). Plasma Peo, is 
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calculated from Equation 2 as 


{total CO,]) 
0.0334 (antilog (pH, — 6.11) + 1) 


and pK’ is calculated for the red cell from this value and the observed 
values for hemolysate pH and total CO2 content as 


CO, — carbamino CO, — 0.0362P¢o,) 
(0.0362P¢o,) 


Total CO: and O:2 contents of cell hemolysate check fairly well with the 
values calculated from whole blood and plasma analyses and hematocrit, 
but for our calculations we have preferred to use the latter because of the 
slow and variable drainage of the viscous hemolysate from pipettes. 


(3) Poo: = 


(4) pK,’ = pH, — 


RESULTS AND DISCUSSION 


Table I presents the data from which pK,’ for carbonic acid in cells has 
been calculated. The average value for venous blood from eleven normal 
individuals is 6.18. In view of the total number of calculations required 
to obtain this final term, the range of the eleven values is not large (6.07 
to 6.25). There is no overlap with the highest previous mean value, 6.04 
(3), which was obtained by the examination of one sample of hemolysate 
examined at various CO:2 tensions and without correction for carbamino 
CO>. 

Previous estimates of pK,’ included the CO: in carbamino hemoglobin as 
part of [HCO;-]. As shown by Equation 1, any factor which reduces 
[HCO;-], the other terms remaining constant, will increase pK,’; hence 
correction for carbamino hemoglobin operates to increase pK,’. The ac- 
curacy of this value depends in part on the accuracy of the constants de- 
fining the chemical combination of CO2 as carbamino hemoglobin, and it 
must be noted that the constants used here are average ones calculated from 
the data of Ferguson and Roughton (5). We consider them as only ap- 
proximations, since the method of measuring carbamino CO; is difficult and 
yields somewhat variable results. 

Cell pH is a critical factor in calculating pK,’, and in our calculations 
the pH of the hemolysate is assumed to be identical with that of the intact 
red cells. This assumption is, we believe, warranted by Harris and Mai- 
zels’ (9) demonstration that the buffering power of intact cells agrees 
closely with the buffering power of hemolyzed cells, indicating that rupture 
of the cell membrane does not alter cell proteins or buffers in a manner to 
affect [H*] significantly. 

In non-ideal solutions, the activity of specific anions (or cations) differs 
from the total concentration in consequence of the restraining effects of 
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other ions. This departure from ideal behavior is subsumed in the activity 
coefficient, y, so that 


(5) {HCO;-] = y[BHCQ,] 


The activity coefficient of BHCO; in body fluids is by custom incorporated 
with the dissociation constant, k,, and converted to the logarithmic ex- 


TABLE I 
Data from Which pK,’ for Carbonic Acid Is Calculated 
Whole blood Plasma Erythrocyte 
~ ~ O | 
per cent cc. | peri, | cent per’. | cent pert.| perf. 
A. D. | 47.8 | 15.2) 19.8 22.2) 82.07.41) 26.9, 92.67.26 17.1) 14.1 | 6.17 | 6.08 
M. T. | 49.7 | 15.8) 21.0) 23.2) 82.77.41 28.6) 92.67.27 17.7) 14.6 | 6.21 | 6.12 
H.R. | 42.8 | 11.4) 18.0 24.4) 85.27.40, 29.3) 92.67.23 17.8, 14.3 | 6.21 | 6.11 
A.D. | 44.6 | 14.2) 17.3) 22.5) 83.37.41, 26.2) 92.77.21) 17.9) 15.4 | 6.07 | 6.00 
J.B. | 47.6 | 14.5) 20.7; 22.0 82.37.39) 27.6) 92.6:7.16, 15.8) 12.4 | 6.16 | 6.05 
P.C. | 44.2 | 12.7) 19.7 24.4 83.17.37) 29.0 92.8'7.18 18.6) 14.9 | 6.14 | 6.04 
W.F. | 44.1 9.7) 18.8 24.2 83.3)7 .42 29.2 93 57.22 17.9 13.7 | 6.16 | 6.04 
A. B. | 40.8 | 11.9) 17.4) 22.8 84.47.36 27.0 93.07.22 16.7) 13.3 | 6.22 | 6.11 
J.B. | 50.0 | 13.3) 22.3 22.7) 81.67.40 28.6) 93 2/7 .25 16.8 12.9 | 6.24 | 6.11 
F. M. | 39.4 | 10.5) 16.4 23.1 83.7/7.38 27.7| 92.47.24) 16.1) 12.6 | 6.25 | 6.13 
M.S. | 43.2 8.3 16.8 22.0 83 .6/7 .39 25.5) 93.27.22) 17.4) 13.6 | 6.14 | 6.03 
pression: 
(6) pK,’ = log - 
ky 


and hence is concealed within pKy’ as calculated in Equations 2, 3, and 4. 
The activity coefficient, y, is related to the total electrolyte content of 
the solution through y, the ionic strength of the latter: 


(7) = 0.5>Cv? 


v.e., w equals one-half the sum of the terms obtained by multiplying the 
molal concentration of each ion,C, by the square of its own valence. Debye 
and Hiickel (10) demonstrated that, when the ions are treated as point 
charges at near infinite dilution, y and uw have the following relation: 


(8) —log y = 


ob 
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where v is the valence of the ion under consideration, and B is a constant 
expressing the effect of interionic forces. 8 cannot be determined directly 
for electrolyte solutions but is estimated to have a value of 0.522 at 38° 
for aqueous solutions of bicarbonate comparable to plasma. 

With respect to ky, it will be recalled that this is only a nominal dissocia- 
tion constant which treats all free, dissolved COz as HeCOs;, whereas it is 
well known that equilibrium in the reaction 


(9) CO, + H.0 = H.CO; 


is such that the ratio of CO. to H2CO; in aqueous solutions at ordinary 
temperatures is about 680:1 (11); 7.e., the true first dissociation constant 
of H2CO; is some 680 times the nominal value. That this distribution, as 
between CO2 and H2COzs, is identical in a cellular environment containing 
some 30 per cent protein and otherwise differing in composition from 
plasma is, at the moment, a purely gratuitous assumption, despite the fact 
that all concentration terms have been calculated per kilo of water. How- 
ever, in the absence of evidence to the contrary, we assume that the ap- 
parent first dissociation constant, k,, of H2CO; is the same in cells and 
plasma. It is further assumed that pH as measured by the glass electrode 
is related to a[H*] in the same manner in the red cell and in the plasma. 

The pK,’ for red cells (6.18) as calculated here is higher than that of 
plasma (6.11). If equilibrium distribution between CO, and H2CQ; is 
assumed to be the same in red cells and plasma, this difference may indicate 
a lower ionic strength in the red cell than in plasma. Alternatively, it 
may indicate that y for HCO;- in the red cell is greater than that in the 
plasma, a circumstance contrary to the inference drawn by Van Slyke, 
Hastings, Murray, and Sendroy (2). Either situation may reflect the high 
concentration of protein in the cell. Further analysis must await a more 
accurate determination of the equilibrium relations in the formation of 
carbamino hemoglobin. 


SUMMARY 


pK,’ for carbonic acid in the red cell of normal human subjects has been 
determined after correction of total CO. content for carbamino hemoglo- 
bin. The average value for eleven individuals is 6.18 (range 6.07 to 6.25). 
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SOME FACTORS INFLUENCING PHOSPHATIDYL- 
CHOLINE FORMATION* 


By LAURENCE O. PILGERAM, ROBERT E. HAMILTON, anp 
DAVID M. GREENBERG 


(From the Department of Chemistry, Stanford University, Stanford, and the Department 
of Physiological Chemistry, University of California School of 
Medicine, Berkeley, California) 


(Received for publication, August 16, 1956) 


Conversion of ethanolamine to choline (1), with methionine serving as 
the methyl donor (2), has been established in the intact animal. Stetten 
(1) observed that the labeled nitrogen of ethanolamine-N' was retained in 
the choline molecule, and we determined that the carbon chain of ethanol- 
amine is the precursor zn vivo of the choline carbon chain (3). 

Conversion of ethanolamine to choline by in vitro preparations is in a 
more doubtful state. The synthesis of choline in vitro from methionine and 
ethanolamine with rat or guinea pig kidney and liver slices or homogenates 
(4, 5) has been questioned by Veitch and Zweig (6). These authors have 
demonstrated that the disappearance of methionine, as judged by the 
McCarthy-Sullivan method, was not the result of transmethylation but 
was actually due to the oxidative deamination of the methionine, mainly 
by p-amino acid oxidase present in the tissue preparations. Similarly, the 
test for choline by precipitating it as the reineckate salt has been claimed 
to be unreliable, as ethanolamine and other bases that occur give insoluble 
reineckates (6). However, choline has been reported to be synthesized 
from L-methionine and 2-dimethylaminoethanol by rat liver slices in the 
presence of 0.001 m KCN, but not by liver homogenates (7). 

Since the earlier in vitro experiments did not employ isotopic tracer 
methods and apparently did not utilize a reliable procedure for the isola- 
tion of choline, it appeared that the problem of the synthesis of choline 
from ethanolamine in vitro warranted reinvestigation. In view of the lack 
of knowledge of the formation of the phosphatides, the present study of the 
metabolism of ethanolamine in vitro and the formation of choline was so 
organized as to permit the investigation to deal with the factors influencing 
_ the formation of lecithin or phosphatidylcholine. 


Methods 


Non-fasted rats of the Long-Evans strain, weighing 165 to 175 gm., were 
killed by a sharp blow with the hand to the back of the head. The liver 


* Aided by research grants from the Life Insurance Medical Research Fund and 
the National Heart Institute, United States Public Health Service. 


107 


108 PHOSPHATIDYLCHOLINE FORMATION 


or other tissues were immediately removed and placed in ice-cold physio- | 


logical saline. Several slices totaling 500 mg. of wet weight,' prepared with 
a Stadie-Riggs microtome, were incubated for 2 hours in 5 ml. of Krebs- 
Ringer phosphate solution made up as described by Umbreit et al. (8), with 
the exception that the CaCl, was 0.0016 m. The initial pH of the phos- 
phate solution was 7.4. Incubation was carried out aerobically in 20 ml. 
beakers at 37° with the Dubnoff apparatus (9). The rate of oscillation was 
maintained between 90 and 100 cycles per minute. 

The radioactive substrates consisted of 3.8 XX 10-4 mM ethanolamine- 
1 ,2-C'4, prepared as previously reported (3), with 239,500 counts per 100 
seconds per beaker, 3.0 X 107-4 m methionine-C'"H, with 311,000 counts 
per 100 seconds per beaker, and 3.0 X 10-4 M sarcosine-C'H; with 185,000 
counts per 100 seconds. 

The reaction was stopped by the addition of 2 ml. of a 3:1 mixture of 


ethyl alcohol-ethyl ether. In addition, to facilitate the denaturation of | 


the proteins, the thermostat of the incubator was turned up so as to in- 


crease the temperature to 75 to 80° and shaking was continued for another — 


15 minutes. The denatured tissue was then extracted for phosphatides 
or stored in the deep freeze until ready for extraction. Extraction for 
phosphatides, hydrolysis, and the column chromatographic separation of 
the phosphatide constituents on Dowex 50 resin were carried out as de- 


scribed previously (3), with the exception that approximately 8 mg. of | 


carrier choline were added to the mixture of phosphatides and hydro- 
chloric acid before hydrolysis. 

The elution point (Ep) of choline from the Dowex 50 (250 to 500 mesh) 
resin column may be determined visually by examining the polyethylene 
collecting planchets for hygroscopic material. The Ep value has been 
arbitrarily defined in terms of the numbers of the planchets in which choline 
is found. This value is relatively constant if such conditions as the den- 
sity and height of the resin bed, rate of flow and normality of the acid elut- 
ing liquid, and temperature are held constant. 

The radioactivity of choline was determined directly in the planchets 
containing choline by employing the Tracerlab SC-16 windowless gas flow 
counter in conjunction with a Nuclear Instrument and Chemical Corpora- 
tion scaler, model No. 163. In addition, the reineckate salt derivative 
was prepared by taking up the choline chloride in a minimal volume of 
water and adding to the aqueous choline 5 times its volume of a 2 per cent 
Reinecke salt-methanol solution. Choline reineckate was allowed to pre- 
cipitate quantitatively by being stored in the refrigerator or the deep freeze 
for 6 hours. The precipitate was then plated on 4.25 em. Whatman No. 
42 filter paper by use of conventional procedures, and counted for radio- 
activity. 

1 The wet weight was taken after gently blotting each tissue slice on filter paper. 


| 
in 
yl 
me 
fo 
ot 
me 
ch 


? 


lene 
line 


hets 
flow 
ora- 
itive 
e of 
cent 


PILGERAM, HAMILTON, AND GREENBERG 109 


It should be pointed out that the resin column chromatography for the 
separation of choline assures the identity of the compound. No other com- 
pound known, which gives the reineckate salt reaction, possesses the same 
Ep value as choline. This is in contrast to the previous situation for the 
determination of choline reviewed by Jukes (10). 


RESULTS AND DISCUSSION 


The incubation of radioactive ethanolamine with rat liver slices in the 
absence of any cofactors resulted in a very small yield of phosphatidy]- 


TaB_e I 
Effect of Factors on Formation of Phosphatidylcholine 


ethanolamine = 3.8 X 10-4 M, 239,500 counts per 100 seconds; methionine = 3.0 
M; methionine-C'“H; = 3.0 10-4 311,000 counts per 100 seconds; homo- 
cysteine = 3.0 X 10-4 M; cysteine = 3.0 X 10-4; betaine = 8.5 & 10-4 M; sarcosine- 
C4H; = 3.0 X 10-4 Mo, 185,000 counts per 100 seconds. 


Methionine cysteine Betaine Sarcosine Cysteine per 100 
sec. 
6 +* 0 0 0 0 0 98 
7 +* + 0 0 0 0 1124 
3 +* +t 0 0 0 0 1928 
4 + +* 0 0 0 0 2710 
4 0 +* 0 0 0 0 2800 
5 +* 0 + 0 0 0 586 
4 +* 0 0 0 0 + 98 
8 +* 0 0 a 0 0 196 
3 +* 0 aa + 0 0 804 
2 + 0 0 0 +* 0 99 
2 + 0 + 0 +* 0 170 


* Radioactive. 
17.5 X 10-4 methionine. 


choline,? representing about 0.04 per cent conversion (Table I). This was 
in contrast to the yield of phosphatidylcholine, representing 2.14 per cent 
conversion, obtained in vivo (3). Three possible explanations for the low 
yield were considered: (a) the 3 hour period of incubation was too long and 
most of the choline formed had been oxidized, (b) the radioactive choline 
found in the liver tissue of the intact animal may have originated in some 
other tissue, and (c) there was a relative absence of necessary cofactors or 
methylating substances. However, shorter periods of incubation of 30, 


* The term phosphatidylcholine is used to describe the source of the radioactive 


choline since free choline is considered to be practically insoluble in petroleum ether 
(11). 
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60, and 90 minutes gave similar low values, as did incubations of tissue 
derived from spleen, kidney, intestine, and the pancreas. 

Effect of Methionine and Methionine-C'*H; on Phosphatidylcholine For- 
mation—The addition of non-radioactive methionine, as a possible methyl- 
ating substance, to the liver slices caused a maximal yield, under optimal 
conditions, of phosphatidylcholine, of about 19 times the basal level (Table 
I). The conversion under these conditions is approximately 0.8 per cent, 
which represents a considerable increase above the level of 0.04 per cent 


conversion, in the presence of ethanolamine alone, but still falls short of the | 


2.1 to 2.2 per cent conversion obtained in vivo. 


The optimal concentration of methionine for the maximal yield of phos- | 
phatidylcholine under our conditions was 7.5 X 10~‘ M; the use of higher — 


concentrations of methionine either decreased the yield or exerted no effect. 
The ethanolamine substrate concentration apparently did not represent a 


limiting factor, as 65 to 70 per cent of the ethanolamine substrate always | 


remained after the reaction was stopped. 
As indicated in Table I, the transfer of the C'* methyl group of methio- 


nine to phosphatidylcholine is greater than the conversion of the C™-la- | 
beled chain of ethanolamine on an equimolar basis.* This increased yield | 


of radioactive phosphatidylcholine, in the presence of labeled methionine, 
may of course be accounted for by the fact that, on an equimolar and ran- 
dom basis, for every labeled ethanolamine molecule there will be three 
labeled methyl groups entering into the reaction. 

It will be noted that the presence of methionine is required for appreci- 
able formation of radioactive phosphatidylcholine from labeled ethanol- 
amine, whereas ethanolamine is not required for appreciable formation of 
radioactive phosphatidylcholine from labeled methionine.* The observa- 
tions of the low yield of phosphatidylcholine when labeled ethanolamine 
alone was incubated with liver slices and the necessity of adding methionine 
to the incubation of ethanolamine-1 ,2-C"* to achieve maximal phosphatidy]- 
choline production indicate that the concentration of methionine available 
for methylation purposes in the rat liver slice is limited and that the liver 
slice contains a considerable metabolic pool of ethanolamine. This obser- 


3 The results given in Table I indicate a slightly greater formation of choline from 
methionine in the absence of ethanolamine. In a more recent experiment performed 
by Mr. Akira Nakao, a 15 per cent greater increase in the label of choline (counted as 
the reineckate) was obtained in the presence of 2 X 10-3 m ethanolamine in the 
incubation medium than in its absence. In this same experiment it was determined 
that the methyl groups of choline contained over 90 per cent of the radioactivity when 
the radioactive substrate was methionine-C“H;. In earlier experiments with etha- 
nolamine-1,2-C™, it was found that about 20 per cent of the label appeared in the 
methyl groups of the choline. The methyl groups were cleaved as trimethylamine 
and measured as tetramethylammonium iodide. 
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vation is supported by the widespread occurrence of ethanolamine phos- 
phate in tissues (12) and the regular excretion of ethanolamine in the 
urine (13). 7 

Effect of Homocysteine, Cysteine, and Betaine on Phosphatidylcholine 
Formation—Homocysteine, as a precursor of methionine, would be expected 
to play an important role in the formation of phosphatidylcholine. The 
per cent conversion attained was 0.25, which is approximately 52 per cent 
of the yield procured in the presence of an equimolar concentration of un- 
labeled methionine (Table I). The action of homocysteine is intrinsic and 
not due to its SH group alone, since the presence of cysteine did not increase 
the average activity of choline above that of experiments in which ethanol- 
amine-1 ,2-C™ was incubated alone. 

Betaine was relatively ineffective as a precursor of methyl groups for 
phosphatidylcholine. The mean activity in phosphatidylcholine resulting 
from betaine was 34.5 per cent of the yield obtained from homocysteine. 
However, when homocysteine and betaine were added simultaneously to 
the substrate, the conversion of ethanolamine to phosphatidylcholine was 
as much as 4 times that obtained with betaine alone and nearly 2 times 
the yield obtained in the presence of homocysteine (Table I). The small 
effect of betaine on the formation of phosphatidylcholine in vitro and the 
synergistic action of betaine and homocysteine suggest that such a pool 
does not exist. At least it is not a pool in the sense that there is a transfer 
directly between these two particular members, i.e. choline and betaine, 
each participating equally. The transfer of deuterio methyl groups from 
betaine to choline (14, 15) may be explained by homocysteine serving as the 
carrier (16) for the betaine methyl groups. However, the function of the 
betaine methyl groups appears to require further investigation. 

Effect of Homogenization on Formation of Phosphatidylcholine—Attempts 
to secure the methylation of ethanolamine to choline and phosphatidyl- 
choline with rat liver homogenates in the absence and presence of adenosine 
triphosphate and folic acid were negative. The results were also negative 
when the homogenization was performed for periods as short as 30 seconds 
in a container surrounded by an ice bath. | 

Conversion in Vivo of Ethanolamine-1 ,2-C'4 to Phosphatidyl Fatty Acids— 
After 4 hours, the magnitude of the conversion of ethanolamine to the 
phosphatidyl fatty acids, isolated from the whole liver of rat experiments 
m vivo, amounted to 0.015 per cent of the total injected activity (3 ue). 

The fatty acids contained in the residue from the filtration of the hydro- 
chloric acid hydrolysate of the phospholipide were isolated and counted by 
redissolving in acetone and transferring the solution to flat metal cups. 
Upon evaporation of the acetone the cups were assayed for radioactivity. 

Other Observations—Sarcosine-C“H; showed a very small conversion of 
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0.05 per cent to phosphatidylcholine. The incubation of homocysteine 
with labeled sarcosine increased the yield of phosphatidylcholine about 70 
per cent in two experiments. The interpretation of the increase in the yield 
of phosphatidylcholine in the presence of homocysteine is the same as with 
betaine, namely that homocysteine acted as a carrier of the sarcosine 
methyl group or more probably of the one carbon fragment derived from 
the methyl group of sarcosine. 

The per cent conversion in vitro of ethanolamine-1 ,2-C™ (3.8 K 10-4 M, 
239,500 counts per 100 seconds) to glycine was found to be 0.27 per cent, 
thus confirming the in vivo results reported by Weissbach and Sprinson (17). 
Glycine was isolated by adding 300 mg. of carrier glycine to the in vitro 
mixture upon termination of the incubation. The preparation was then 
homogenized. After homogenization, ethyl ether was used to extract the 
1 ml. of 30 per cent trichloroacetic acid used to denature the incubation 
mixture. Following the extraction, absolute ethyl alcohol was added to 
precipitate the glycine. Glycine was crystallized twice from aqueous alco- 
hol. The acetyl derivative of the recrystallized glycine was prepared, iso- 
lated, and degraded, and the glycine resulting from the degradation was 
then crystallized twice more before counting. 


SUMMARY 


In the absence of methionine, ethanolamine-1 ,2-C'* was not appreciably 
converted to phosphatidylcholine by rat liver slices. The addition of | 
methionine increased the yield about nineteen times. The addition of | 


methionine-C'H;, increased the yield of phosphatidylcholine about 3-fold 
above that obtained with unlabeled methionine. Evidence is presented 


which indicates that the methionine pool is much smaller than the ethanol- | 


amine pool. Homocysteine possesses 52 per cent of the activity of methio- 
nine, on an equimolar basis, in stimulating phosphatidylcholine formation, 
whereas betaine possesses only 34.5 per cent of the activity of homocysteine. 
Homocysteine and betaine together increased the yield of phosphatidyl- 
choline considerably above the sum of the individual effects of each alone. 
The effect of homocysteine is intrinsic and is not due to the SH grouping 
alone. 

Homogenization of the liver tissue resulted in complete loss of the ability 
to form choline. The conversion in vivo of ethanolamine-1 ,2-C™ to rat 
liver phosphatidyl] fatty acids amounted to 0.015 per cent of the total in- 
jected activity. Sarcosine-C'H; showed a small conversion of 0.05 per 
cent to phosphatidylcholine. The presence of homocysteine increased the 
yield about 70 per cent. The conversion in vitro of ethanolamine-1 ,2-C" 
to glycine was 0.27 per cent. 
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COEXISTENCE OF INSULIN-RESPONSIVE AND INSULIN- 
NON-RESPONSIVE GLYCOLYTIC SYSTEMS 
IN RAT DIAPHRAGM* 


By WALTER N. SHAW anv WILLIAM C. STADIE 


(From the John Herr Musser Department of Research Medicine, 
University of Pennsylvania, Philadelphia, Pennsylvania) 
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Stadie and Zapp (1) have reported experiments on the aerobic production 
of lactic acid from glucose by the rat diaphragm in vitro, in which they used 
a phosphate-saline medium at pH 7.4, no bicarbonate being added. Un- 
der these conditions, the production of lactic acid was large but was not 
increased by the addition of insulin to the medium. This was in contrast 
to the observation that glycogen synthesis by these diaphragms was in- 
variably increased by insulin. The increased synthesis of glycogen should 
be accompanied by a more rapid turnover of glucose 6-phosphate. How- 
ever, this phosphate ester is the branch point of the Embden-Meyerhof 
system, and it would be expected that the formation of lactic acid would 
also be increased. Our early findings, therefore, appeared paradoxical, 
and stimulated us to project further experiments which might possibly il- 
luminate this apparently anomalous observation of insulin action. Ac- 
cordingly, in this paper, we report detailed experiments on lactic acid 
formation under the conditions given above. As before, we found a con- 
stant significant effect of insulin upon glycogen formation from glucose but 
no such effect upon lactic acid formation. From further experiments 
we conclude that there are two apparently identical enzymatic systems in 
the diaphragm, one of which is insulin-responsive, leading to the formation 
of glycogen, and the other insulin-non-responsive, leading to the formation 
of lactic acid. 


Methods 


Wistar male white rats (100 to 150 gm.), fasted for 18 to 24 hours, were 
killed by cervical fracture, and the hemidiaphragms were removed, 
blotted, weighed, and washed for 10 minutes in a cold oxygenated medium 
without substrate. The hemidiaphragms were then placed in a small beaker 
containing 2 ml. per hemidiaphragm of the following medium: 0.07 mM NaCl, 


*The work reported in this paper was supported in part by grants from the 
National Institute of Arthritis and Metabolic Diseases (grant No. A-357C9), Na- 
tional Institutes of Health, United States Public Health Service, and the Insulin 
Grants Committee of the Lilly Research Laboratories. 
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0.001 m CaCl, 0.001 m MgCl., 0.022 m glucose-U-C', and 0.050 so- 
dium phosphate (adjusted to pH 7.4 by a glass electrode). The specific ac- 
tivity of the glucose ranged between 16,000 and 22,000 ¢c.p.m. per umole of 
glucose. The beaker was shaken in the Dubnoff apparatus at 38° for 2 
hours with oxygen as the usual gas phase. Paired hemidiaphragms from 
each rat were equilibrated (a) without insulin and (b) with 0.1 unit per ml. 
of Lilly crystalline zinc insulin (0.04 to 0.05 per cent glucagon). When 
hexose phosphate esters were to be isolated, four hemidiaphragms were 
used per vessel. 

Determination of Glycogen—The hemidiaphragm was washed, drained, 
placed in 5 per cent TCA overnight, and then ground with sand in a Pot- 
ter-Elvehjem homogenizer. The suspension was centrifuged, and the 
supernatant fluid was decanted and saved for analysis of phosphate esters. 
The residue was resuspended in a small amount of 5 per cent TCA, centri- 
fuged again, and digested at 100° in 30 per cent KOH. Glycogen was 
precipitated by adding 2.5 volumes of ethanol with chilling. The glyco- 
gen was precipitated three additional times to remove isotopic glucose, was 
hydrolyzed, and the glucose was determined by the Miller-Van Slyke 
method (2). An aliquot of the hydrolysate was plated, and from its C" 
activity (open end gas flow counter) the specific activity was calculated. 

Determination of Total and Specific Activity of Lactic Acid—A copper- 
lime filtrate of the combined medium and washes was prepared, and the 
total lactic acid was determined by the method of Barker and Summerson 
(3). An appropriate aliquot of the filtrate was plated and its C" activity 
was determined (open end gas flow counter). From these two values the 
specific activity of the lactic acid was calculated. The assumption was 
made, from the following controls, that for the purposes of these experi- 
ments negligible amounts of radioactive derivatives of glucose other than 
lactate were present in the copper-lime filtrate. The most. likely contam- 
inants to be considered are pyruvate, malate, fumarate, succinate, and 
a-ketoglutarate. The first two at low concentrations may be removed by 
the copper-lime precipitation (3), an observation we have confirmed in the 
case of pyruvate. We tested this matter further by separating the lactate 
from the other possible contaminants by ascending paper chromatography 
with use of ethanol-ammonia (100:1 v/v). This method effects complete 
separation of the lactate. Controls showed that succinate, fumarate, and 
a-ketoglutarate remained at the origin, whereas the lactate moves 7 to 10 
cm. or more (Rr = 0.3 to 0.4). The lactic acid spot was localized by 
scanning with a closed end Geiger tube or by chromatographic comparison 
with a control spot of lactate sprayed with brom cresol blue. The spot 
was cut out and eluted with water, and the total lactic acid and radio- 
activity were determined as described. In a series of nine hemidiaphragms 
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equilibrated with isotopic glucose and treated as above, the specific ac- 
tivity of the eluate of lactic acid averaged 91 per cent of that calculated 
from the original copper-lime filtrate. At the beginning of the work, lactic 
acid was extracted from the medium by prolonged (Kutscher-Steudel) 
ether extraction, followed by chromatographic separation as described. 
The eluate of the lactic acid spot in sixteen experiments with rat hemi- 
diaphragms averaged about 90 per cent of that of the initial ether extract. 
In no instance did insulin influence the relative specific activity of the 
lactic acid obtained by chromatography from that of the original material. 

In view of these control experiments, we adopted the simpler method 
of using the copper-lime filtrate of the medium for the determination of 
specific activity of the lactic acid formed. Attention is called to the fact 
that the specific activity of the lactic acid is used only to calculate the per- 
centage of lactic acid derived from the medium glucose. Since insulin 
never affected this value, possible errors of 10 per cent in its estimation 
have insignificant influence on the resulting general conclusions. 

Determination of Pyruvic Actd—An ethyl] acetate solution of the pyruvic 
2,4-dinitrophenylhydrazone was prepared by the method of Friedemann 
and Haugen (4) from an aliquot of the combined medium and washes. 
The total amount of pyruvate present was determined colorimetrically (4) 
on an aliquot of the ethyl acetate solution. ‘The remainder was evaporated 
to dryness (at about 35°) im vacuo, and residue was dissolved in 0.4 ml. of 
ethanol and neutralized. The final volume was reduced to 0.1 to 0.2 ml. 
by evaporation. The residue was placed ona 1.5 X 40 cm. strip Whatman 
No. 1 filter paper in a band and hung for ascending chromatography in 
tert-butanol and ammonia (90:10 v/v) for 24 hours at room temperature. 
The spot corresponding to pyruvate was eluted with acidified ethyl acetate. 
A small aliquot (20 to 50 ul.) was used for the determination of C" ac- 
tivity, and the remainder to determine the pyruvate present; the specific 
activity was then calculated. The most likely contaminating hydrazone 
is that of a-ketoglutarate, which is well separated from that of pyruvate 
by this procedure; viz., the Ry value for the respective hydrazone is 0.22 
for pyruvate and 0.68 for a-ketoglutarate. Unaltered 2 ,4-dinitropheny]- 
hydrazine (little or none was present) remained at the origin. The spot 
was located by parallel chromatography of a known sample of pyruvic 
2 ,4-dinitrophenylhydrazone. 

Determination of Hexose Phosphate Esters; Barium Precipitation—The 
trichloroacetic supernatant fractions were combined with the washes from 
the four ground hemidiaphragms and adjusted to pH 8. 1 ml. of barium 
acetate (0.1 mM) and 4 volumes of ethanol were added and chilled for 30 to 
45 minutes. The precipitate was centrifuged, washed once with 80 per 
cent ethanol, and then dried in air. It (barium salts of esters) was dis- 
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solved in 0.1 Nn HCl and shaken with Amberlite IR-120 (H form) resin © 
(Rohm and Haas) to remove the barium ion. The solution of ester was © 
drawn off, neutralized, and made up to 1.2 ml. 

Analyses for Total Esters; Glucose 1-Phosphate-—This ester is calculated — 
from the difference between the initial inorganic phosphate and the 10 | 
minute acid-hydrolyzable phosphate (1 Nn HCl at 100°). The micro- © 
method of Dyer and Wrenshall (5), accurate for 0.1 to 0.01 umole of in- | 
organic phosphate, was used. 

Fructose 1,6-Diphosphate—In the presence of Racker’s enzyme fraction | 
II (6) (containing aldolase, triosephosphate isomerase, and a-glycerophos- 
phate dehydrogenase), F-1,6-P is quantitatively converted to dihydroxy- | 
acetone phosphate, which is then reduced by added DPNH. The meas- — 
ured change (D) in optical density at 340 my gives the total F-1,6-P 
present; viz., F-1,6-P (micromoles) = 0.242 K D. The DPNH was 
prepared from DPN by use of alcohol and alcohol dehydrogenase (7). 

Glucose 6-Phosphate—Two spectrophotometric methods were used. Un- 
der standard conditions, a TPN-G-6-P dehydrogenase system oxidizes — 
G-6-P to 6-phosphogluconate. The measured change (D) of optical density — 
at 340 muy gives the initial micromoles of G-6-P; viz., G-6-P (micromoles) = _ 
0.484 X D. 

Racker’s enzyme fraction I (6) (containing phosphohexoisomerase and 
phosphohexokinase) converts G-6-P to F-1,6-P. Together with Racker’s 
fraction II, both G-6-P and F-1,6-P are completely converted to dihy- 
droxyacetone phosphate, which is then reduced by the added DPNH. 
The total amount of G-6-P and F-1,6-P initially present is calculated from 
the observed change in optical density at 340 mu; viz., total esters (micro- 
moles) = 0.242 D. G-6-P is calculated by subtracting the known F-1 ,6-P 
determined as above. Eluates of G-6-P obtained after chromatographic 
separation contain no F-1 ,6-P; hence, correction for the presence of F-1 ,6-P 
in this instance is unnecessary. 

In general, amounts of phosphate esters were used for analysis to give 
changes of optical densities greater than 0.1. As little as 0.04 umole of the 
esters was determinable with an over-all accuracy of about +5 per cent. 
These enzymatic methods were carefully controlled for accuracy and speci- 
ficity by analyses of known amounts of esters singly and in combination. 

Chromatographic Separation of Hexose Phosphate Esters and Determina- 
tion of Their Specific Activity—All chromatographic procedures were car- 
ried out at 0° for 16 to 18 hours by the ascending technique. Known sam- 


1 The following abbreviations are used in this paper: G-1-P, glucose 1-phosphate; 
G-6-P, glucose 6-phosphate; F-1,6-P, fructose 1,6-diphosphate; TPN, triphospho- 
pyridine dinucleotide; DPN, diphosphopyridine dinucleotide; DPNH, reduced DPN; 
ATP, adenosine triphosphate; ADP, adenosine diphosphate; ATPase, adenosinetri- 
phosphataze; and TCA, trichloroacetic acid. 
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ples of the phosphate esters were chromatographed simultaneously to 
locate the respective esters, the sharpest separation being obtained with 
0.1 to 0.2 umole in about 20 to 50 wl. The solutions were applied to the 
paper and dried with a heat lamp and fan. The Whatman No. 1 filter 
paper used had been washed with (a) 0.1 N acetic acid, containing a trace 
of Versene to remove traces of iron, and with (b) distilled water, and then 
dried for use. The R,y values observed by us (Table I) are different from 
those reported by Bandurski and Axelrod (8), presumably owing to the 
use of different paper, etc. 

Glucose 1-Phosphate—The solvent mixture of Bandurski and Axelrod (8), 
methanol, formic acid, and water (80:15:5 v/v), was used to separate 


TABLE 
Chromatographic Separation of Hexose Phosphate Esters* 
Rr 
Compound 
Acid solvent |Alkaline solvent 
Fructose 0.39 0.00 
Inorganic phosphate... 0.74 0.17 


Whatman No. 1 filter paper was used after washing with 0.1 N acetic acid, contain- 
inga trace of Versene, and with distilled water. The paper was hung for ascending 
chromatography and run for 16 to 18 hours at 0°. The acid solvent consisted of 
methanol, formic acid, and water (80:15:5 v/v). The alkaline solvent consisted of 
methanol, ammonia, and water (60:30:10 v/v). 

* Modified procedure of Bandurski and Axelrod (8). 


G-1-P from G-6-P and F-1,6-P. After 18 hours the paper was dried and 
sprayed with a slightly modified Wade-Morgan (9) spray (ferric chloride 
and sulfosalicylic acid). The esters appear as two white spots on a pink 
background, and each was cut out and eluted with 1 to 2 ml. of water. The 
G-1-P eluate was treated with Amberlite IR-120 resin (H form) to remove 
the iron. A 0.025 to 0.05 ml. aliquot was plated to measure the C* 
activity with an open end flow counter. The total G-1-P present was de- 
termined on another aliquot as described (see above), and the specific 
activity was then calculated. 

Glucose 6-Phosphate and Fructose 1 ,6-Diphosphate—The eluate from the 
spot containing the mixture of G-6-P and F-1,6-P was treated with Am- 
berlite IR-120 (H form) resin to remove the iron and then placed on the 
acid-washed Whatman No. | filter paper (see above). These esters were 
separated with a solvent system of methanol, ammonia, and water (60:- 
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30:10 v/v) (8) for 16 to 18 hours at 0°. The dried paper was sprayed with 
the Wade-Morgan spray. The respective spots were eluted with 1 to 2 
ml. of water and measured enzymatically as described. Appropriate ali- 
quots were plated for counting, and the specific activities were calculated. 
It should be noted that glucose is not a contaminant since it is completely 
separated from the esters by the chromatography as well as the barium 
precipitation. 


Results 


The data shown in Table II clearly indicate that the rat hemidiaphragm, 
when equilibrated in vitro in a medium containing glucose, synthesizes in- 
creased amounts of glycogen in the presence of insulin and that approxi- 
mately 75 per cent of the insulin effect is accounted for by the increased 
conversion of medium glucose to glycogen. In contrast, under the condi- 
tions of our experiments (see Table III), neither the total lactic acid nor 
the conversion of medium glucose to lactate is affected by insulin. This 
is shown by the determination of both the total amount of lactate formed 
and that formed from the isotopic glucose. 70 per cent of the total lactate 
formed is derived from the medium glucose, an amount unaffected by 
insulin. 

When pyruvate is isolated, the total production (2 to 3 umoles per gm. 
per 2 hours) and specific activity are not affected by insulin, but the spe- 
cific activity is essentially the same as that of lactic acid. 

Isolation of the hexose phosphate esters, G-1-P and G-6-P, from the 
diaphragm, followed by their purification and determination of radioac- 
tivity, gave the results shown in Tables [IV and V. The amounts of these 
esters derived from the medium glucose are approximately doubled by 
insulin, indicating that their rates of turnover are increased by the hor- 
mone. In striking contrast (Table VI), the fructose 1 ,6-diphosphate iso- 
lated from the diaphragm equilibrated with or without insulin never 


contained isotopic carbon. This means that the G-6-P isolated from the | 


diaphragms which always contained C™ in amounts increased by insulin 
(Table IV) was not the precursor of the F-1,6-P isolated from the dia- 
phragm. 

In terms of the Embden-Meyerhof pathway of glycolysis, these results 
seem paradoxical. It would be expected that the observed acceleration of 
the rate of turnover of G-6-P and G-1-P, accompanied by increased syn- 
thesis of glycogen, would be associated with an increased formation of 
F-1,6-P and hence also of lactate. Accordingly, the C'™ observed in the 
G-6-P should have been found in F-1,6-P. However, this expected result 
was never observed under the conditions of our experiment. 

Additional experiments were devised to determine the possible occur- 
rence of other departures of metabolism from that expected according to 
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TaBLeE II 
Conversion by Normal Rat Diaphragm in Vitro of Glucose-U-C'4 to Glycogen 


Final glycogen, wmoles per gm. per 2 hrs. Insulin effect, umoles per gm. per 2 hrs. 
Total From glucose* 
Rat No. Total Per cent 
Insulin Insulin glycogen 
0 + 0 + : 
7 72 96 18 37 24 19 79 
8 57 75 10 29 18 19 105 
7] 29 42 6 13 13 7 54 
10 32 49 12 25 17 13 77 
46 22 35 4 10 13 7 54 
47 18 37 3 17 19 14 74 
Mean....... 38 55 9 22 17 13 74 
S.e.mf...... +9 +10 +2 +3 +2 +2 +8 


In Tables II to XII, the results are expressed in micromoles per gm. wet weight 
of diaphragm. Glycogen is given as micromoles of glucose equivalents. 

*Amounts of metabolites derived from glucose are calculated from total C' 
activity of the metabolite and the initial specific activity (s.a.) of the medium glu- 
cose; €.g., micromoles of glycogen from glucose = total counts per minute in glycogen 
divided by specific activity of glucose. The specific activity of the medium glu- 
cose usually ranged between 20,000 and 30,000 c.p.m. per umole. 

t In Tables II to XII, the standard error of the mean (s.e.m.) is 

V=(X — X2)/N(N — 1) 
where N = the total number of observations. 


TABLE III 
Conversion by Normal Rat Diaphragm in Vitro of Glucose-U-C™ to Lactic Acid at 38° 
Lactic acid, wmoles per gm. per 2 hrs., recovered from medium 
Total From glucose Per cent from glucose 
Rat No. 
Insulin Insulin Insulin 
+ 0 + 0 
7 67 69 73 73 109 106 
8 168 170 123 125 73 74 
9 232 216 142 128 61 59 
10 235 233 137 132 58 57 
11 298 272 168 155 57 57 
12 225 166 153 108 68 65 
46 138 138 108 105 78 76 
47 125 90 83 45 66 50 
ene 186 169 123 109 71 68 
+23 +25 +12 +13 +6 +6 
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TaBLeE IV 


Incorporation by Normal Rat Diaphragm in Vitro of | 
Glucose-U-C' into Glucose 6-Phosphate 


G-6-P from glucose-U-C™ 
— 
umole per gm. per 2 hrs. Per cent total G-6-P , 
Rat} No. 

Insulin Insulin 
0 + 0 + | 

8 0.08 0.10 33 48 

9 0.08 0.14 74 103 

10 0.08 0.20 64 96 
11 0.12 0.66 18 68 - 

12 0.09 0.28 20 57 

46 0.17 0.42 58 107 

47 0.14 0.27 55 99 

0.11 0.30 46 83 

+0.02 +0.12 +9 +10 
TABLE V 

Incorporation by Normal Rat Diaphragm in Vitro of 
Glucose-U-C'4 into Glucose 1-Phosphate 
G-1-P from glucose-U-C* 
umoles per gm. per 2 hrs. Per cent total G-1-P 
Rat No. 
Insulin Insulin 

0 0 + 
7 0.37 0.58 22 48 ai 

8 0.94 0.91 39 46 
9 1.64 4.26 75 101 ni 
10 3.52 8.78 67 102 » 

11 1.43 6.22 29 70 
12 0.26 1.63 15 58 a 
46 0.73 3.06 56 102 sh 
47 0.58 6.77 58 101 gl 
of 

1.18 4.02 45 78 
+0.96 +1.07 +8 +9 T 
ist 


the conventional glycolytic concepts. For example, certain non-isotopic | eq 
intermediates were added to the medium together with isotopic glucose, | fo 
and the effects on the isotopic lactate were studied. fr 
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The results are shown in Table VII. Neither gluconate nor 6-phospho- 
gluconate, intermediaries of the ‘direct oxidative” pathway and therefore 
outside the Embden-Meyerhof pathway, had any effect on the total lactic 
acid formed from the isotopic glucose of the medium, although the poten- 
tial amounts of these available as lactic acid were many times greater than 
the lactic acid formed. In contrast, the Embden-Meyerhof intermedia- 
ries, pyruvate and 3-phosphoglycerate, were converted to lactic acid. 
This is shown by the increase of the total lactic acid, and by the dilution 
of the isotopic carbon in the lactic acid form. Anaerobiosis had no sig- 


TABLE VI 


Incorporation by Normal Rat Diaphragm in Vitro of 
Glucose-U-C™ into Fructose 1,6-Diphosphate 


Fructose 1,6-diphosphate, umole per gm. per 2 hrs., recovered from 
hemidiaphragm 
Rat No. Total From glucose-U-C™ 
Insulin Insulin 

0 + 0 + 
7 0.39 0.42 0.00 0.00 
8 0.49 0.70 0.02 0.01 
0] 0.65 0.65 0.07 0.09 
10 0.63 0.68 0.03 0.03 
11 0.70 0.81 0.00 0.00 
12 0.51 0.57 0.00 0.00 
46 0.11 0.13 0.00 0.02 
47 0.14 0.12 0.00 0.00 
0.45 0.51 0.02 0.02 
+0.08 +0.09 +0.01 +0.01 


nificant effect on the total lactic acid formed from glucose. Iodoacetate 
and fluoride, both of which are inhibitors of glycolysis, reduced the lactic 
acid formed from the isotopic glucose to very small values. These data 
show that the lactate was formed from glucose via the Embden-Meyerhof 
glycolytic cycle, by some mechanism which eliminates the formation 
of F-1 ,6-P in the diaphragm. 

The situation was considerably clarified by the experiments reported in 
Table VIII. Diaphragms were equilibrated with non-isotopic glucose and 
isotopic G-6-P. The amount of the latter present in terms of lactic acid 
equivalents per gm. was relatively small compared to the total lactic acid 
formed. However, about 10 per cent of the total lactic acid was derived 
from the G-6-P. In other words, an average of about one-third of the 
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phosphate ester was so converted. In contrast, none of the isotopic 
G-6-P appeared in the glycogen, although the customary increased syn- 
thesis from the medium glucose due to insulin was observed. 

It began to be apparent that, under the conditions of our experiments, 
two separate pathways of glucose metabolism were operative in the rat 
diaphragm: (1) to glycogen by way of G-6-P and G-1-P and (2) to lactic 
acid also by way of G-6-P. In the first instance F-1,6-P is not formed and 


TaBLeE VII 


Production of Lactic Acid by Rat Diaphragms in Vitro in Presence of 
Glucose-U-C'*, Glucose Derivatives, or Glycolytic Poisons 


oO. nitia ctic aci 
per per gm. glucose glucose 
1 None 0 0 222 118 53 
Gluconate 22 720 294 144 49 
2 None 0 0 141 | 130 92 
6-Phosphogluconate 22 850 144 131 91 
3 None 0 0 123 127 103 
Pyruvate 22 540 198 70 35 
4 None 0 0 140 111 79 
3-Phosphoglycerate 5 97 206 97 47 
5 Anaerobiosis 128 103 
6 Iodoacetate (aerobic) 1 
7 - - 0.1 56 14 
8 so (anaero- 0.1 29 17 
bic) 
4) Sodium fluoride (aero- 20 17 13 
bic) 
10 Sodium fluoride (an- 20 23 8 
aerobic) 


G-6-P in the medium is not utilized; in the second instance, G-6-P in the 
medium, as well as glucose, is readily converted to lactate. 

It is commonly stated that the hexose phosphate esters, e.g. G-6-P, in 
the extracellular medium do not enter the cells in experiments in vitro, and 
hence are not dissimilated. Presumably those formed in the cell do not 
readily pass from the cell interior to the medium. Accordingly, we formu- 
lated the following hypothesis to explain the results of our experiments 
thus far outlined. 

The conversion of glucose to glycogen by the rat diaphragm is initiated 
by the transport of glucose to the interior of the cell, followed by esterifica- 
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tion and polymerization to glycogen. The phosphate esters formed, 
namely G-6-P and G-1-P, remain in the interior of the diaphragm. F-1,- 
6-P is not formed from this internal G-6-P. Accordingly, no significant 
amount of lactic acid is formed within the interior of the diaphragm. In 
contrast, the conversion of glucose in the medium to lactic acid takes place 
in some other locus tentatively assumed to be the surface of the cell. The 
dissimilation of glucose follows the Embden-Meyerhof pathway. The 
phosphate esters formed on the cell surface do not enter the cell, nor do 
they accumulate in significant amounts in the medium. If they are added 
initially to the medium, however, they participate in the glycolytic reac- 


TABLE VIII 


Formation in Vitro by Normal Rat Diaphragms of Lactic Acid and Glycogen in Presence 
of Non-Isotopic Glucose (0.022 and Glucose 6-Phosphate-U-C"4 (0.002 1) * 


Lactic acid formed, umoles per gm. per 2 hrs.| Final glycogen, wmoles per gm. per 2 hrs. 
Total From isotopic G-6-P Total From isotopic G-6-P 
Rat No. 
Insulin Insulin Insulin Insulin 
0 + 0 + 0 + 0 + 
34 93 93 16.0 13.4 31 35 0.0 0.0 
37a 139 91 7.3 5.4 38 47 0.0 0.0 
37b 142 137 31.0 29.0 31 50 0.0 0.0 
38a 106 89 4.8 3.8 24 33 0.0 0.0 
38b 105 86 5.2 3.1 27 34 0.0 0.0 
Mean...... 117 99 12.9 10.9 30 40 
S.e.m...... +10 +9 +6.5 | +6.6 +2 +3 


* The amount of G-6-P initially present was equivalent to an average of 32 umoles 
of lactic acid per gm. wet weight of diaphragm. 


tions and are converted to lactate. In addition to the data already pre- 
sented, the experiments shown in Tables IX and X are completely com- 
patible with this hypothesis. 

In Table LX, the medium with which the diaphragms were equilibrated 
contained isotopic glucose and, in addition, non-isotopic esters. After 2 
hours of equilibration, the medium, as before, was analyzed for lactate 
but, in addition, the phosphate esters were reisolated from the medium, 
purified by paper chromatography, and assayed for C™ activity. Com- 
pared to those of the controls, the data show the following: (1) in the case 
of G-6-P and F-1,6-P the total lactate formed was increased, the label 
from the glucose was diluted, and the reisolated ester acquired the label 
to an amount almost equal to that in the lactate formed from the isotopic 
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TaBLE IX 


Equilibration of Normal Rat Diaphragms in Medium Containing Glucose-U-C" 
(0.022 mu) and Non-Labeled Phosphate Esters 


glucose; (2) in contrast, the medium G-1-P, when reisolated, contained no — 
isotopic carbon. Since our previous experiments showed that this ester is 
undoubtedly formed in the diaphragm from the isotopic glucose of the me- | 


Final lactate in medium Reisolated ester _ 
Experiment 
umoles per gm. C.p.m. per Per cent total | C.p.m. per glu- _ 
per 2 hrs. umole from glucose | cose equivalent — 
200 17,200 70 15,800 


* No ester: glucose alone in the medium; the medium in the test in addition had © 
phosphate ester equivalent to about 35 umoles per gm. wet weight of the hemidia- — 


phragm. 


TABLE X 


Conversion by Rat Diaphragm in Vitro of Glucose-U-C™ to Lactate, Glycogen, and 
Fructose 1,6-Diphosphate; Non-Labeled Fructose 1,6-Diphosphate Also in Medium* 


Total (umol | C.p.m. 
Insulin Insulin Insulin Insulin 
0 + 0 + 0 + 0 + 
OS Seen 128 102 109 65 85 64 8,700 | 6,540 
Glycogen............. 10 16 3 8 30 50 2,870 | 5,150 
F-1,6-P,f from me- 
F-1,6-P, dia- 
1.1 1.6 0 0 0 0 
Medium glucose...... 10,600 | 10,600 


* Mean values: N = 3 in each category. 
t Reisolated after 2 hour equilibration. 


dium, it is clear that, when formed in the diaphragm, this isotopic ester is 
retained intracellularly and does not exchange with the non-isotopic ester 
in the medium. 

This compartmental isolation of hexose phosphate esters is clearly shown 
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by the data in Table X. Normal rat diaphragms were equilibrated with 
and without insulin with isotopic glucose plus F-1,6-P in the medium. At 
the end of 2 hours, lactate and glycogen were determined as before, but, in 
addition, the F-1,6-P was isolated both from the washed diaphragm and 
from the medium. After separation by paper chromatography, the spe- 
cific activities of the glycogen, lactate, and F-1,6-P were determined. As 
hitherto, there was no insulin effect on the formation of total lactate or that 
derived from glucose. The synthesis of glycogen, as customary, was in- 
creased by the insulin. Strikingly, the F-1, 6-P recovered from the medium 


TaBLE XI 


Glucose (0.022 m) in Medium Dissimilated to Lactic Acid by Diaphragm and 
Not by ‘‘Leached’”’ Enzymes in Postequilibration Medium 


Lactate synthesis in Final glycogen, 
period, wzmoles per gm., umoles per gm. 
mean + s.e.m. Mean 
Period Contents of equilibrating vessel 
Insulin Insulin 
0 + 0 + 
min. 
A 0- 40 | Diaphragm + medium 62 + 4.1/ 60+ 3.1 
| 40- 80 + fresh me- | 44+ 1.8 
dium 
C | 40- 80 | Medium from Period A * 
D | 80-120 | Diaphragm + medium from | 27 + 7.2 | 33 + 5.6 12 20 
Period C 


Each hemidiaphragm was carried through the steps outlined above. The medium 
was analyzed for lactate at the end of each period and the glycogen of the diaphragm 
determined at the end of Period D. N = three separate assays in each category. 

* Not significantly different from zero. 


(see Table VIII) acquired the isotopic label from the glucose essentially to 
the same extent as that of lactate. The F-1,6-P recovered from the dia- 
phragm contained no isotopic carbon. These results are in complete accord 
with the hypothesis formulated. 

Exclusion of Presence of ‘“‘Leached” Enzymes in Medium?—The possibil- 
ity that enzymes in the diaphragm were leached out during the equilibra- 
tion and were responsible for the phenomena observed was obvious. How- 
ever, it was rigidly eliminated by the control experiments illustrated in 
Tables XI, XII, and XIII. Rat hemidiaphragms (Table XI) were equili- 
brated in the phosphate medium with glucose for 40 minutes, and the 


? The medium obtained after a preliminary period of equilibration with the dia- 
phragm is called the postequilibration medium. 
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medium then was analyzed for lactate. The lactate formed in the presence 
of the diaphragm, as hitherto found, was uninfluenced by insulin (Period A), 
The hemidiaphragms were then transferred to fresh medium (Period B) and 
more lactic acid was formed, but the medium from Period A equilibrated | 
alone (Period C) showed no significant increase in lactic acid content, indi- ~ 
cating clearly that no enzyme system existed in the postequilibration me- — 
dium? capable of dissimilating the glucose to lactic acid. During Period © 
D, the hemidiaphragm was placed in the postequilibration medium from — 
Period C. Lactic acid was formed, showing that no inhibiting factors were — 
responsible for the failure of lactate to form in Period C. At the end of the — 


TABLE XII 


Hezxose Phosphate Esters in Medium Dissimilated to Lactic Acid by Diaphragm 
and Not by ‘‘Leached’’ Enzymes in Postequilibration Medium 


Lactate synthesis during 
period, wmoles per gm., mean 
+ s.e.m., from 
Period Contents of equilibrating vessel 
Glucose Fructose 
1,6-diphosphate 
0.022 m) (0.022 m) 
min. 

A 0- 40 | Hemidiaphragm + medium 55+ 3.0 | 724 9.6 
B 40— 80 | Medium from Period A alone 0+ 0 O+ O 
C 80-120 | Hemidiaphragm + medium from Per- | 27 + 6.0 | 51 + 10.0 © 
iod A 


With each of the substrates (five replicates), one hemidiaphragm was carried © 
through the successive periods, A, B, and C. The hemidiaphragm was equilibrated — 
in fresh medium during Period B but the medium was not analyzed. There was no 
glucose in any medium. 


experiment, the diaphragms were analyzed for glycogen content; the usual 
insulin effect on glycogen synthesis was found. 

Experiments of a similar type were carried on with two phosphate esters, — 
viz. G-6-P and F-1, 6-P, but no glucose in the medium. In Period A (Table | 
XII) (0 to 40 minutes) the hemidiaphragm formed lactate from both G-6-P 
and F-1,6-P. In Period B (40 to 80 minutes), the respective postequili- 
bration media alone formed no additional lactate. The addition of the 
hemidiaphragm to the postequilibration medium in the subsequent period 

(Period C, 80 to 120 minutes) again resulted in lactate formation in both 
cases. As in the case of glucose alone, the data show that no enzymes ¢a- 
pable of dissimilating these phosphate esters to lactic acid were leached 
out of the diaphragms during the initial period of equilibration. 

In addition to these studies which demonstrated no formation of lactic 
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acid from glucose, G-6-P, or F-1,6-P by postequilibration media, we per- 
formed experiments to determine to what extent, if any, the glycolytic in- 
termediary hexose phosphate esters are dissimilated in these media to prod- 
ucts other than lactic acid. In our experiments the postequilibration 
media were prepared in two ways: (1) the metabolite was present during the 
preliminary period, in which case no further addition to the medium was 
made at the beginning of the second period of equilibration; (2) the me- 
tabolite was absent during the initial period of equilibration with the dia- 
phragm, but was added to the medium at the beginning of the second pe- 
riod. ‘The results were the same by either method, and hence were pooled. 

Our results are presented in Table XIII. The initial period of equili- 
bration with the diaphragm and the second period were each 60 minutes. 


TABLE XIII 


Action of Postequilibration Media from Rat Diaphragms on 
Glucose or Glycolytic Hexose Phosphates 


Metabolite in medium Products of dissimilation 
Glucose None No hexokinase* 

Glucose 1-P phosphoglucomutase 
Glucose 6-P ‘* phosphohexoisomerase 
Fructose 6-P phosphohexokinase* 
Fructose 1,6-P Equimolecular mixture of the | Aldolase; no triose isomerase 


triose phosphates (50-60 or glyceraldehyde-3-phos- 
umoles per gm. diaphragm phate dehydrogenase 
per hr.); no lactic acid 


Each category of data represents the mean value of six to eight assays. 
* Assayed after addition of ATP to medium. 


In all but one instance the mean value of the measured dissimilation of the 
metabolite being tested was not significantly different from zero, and hence 
is designated as ‘‘None”’ in Table XIII. In one instance a numerical value 
is given. ‘The following points are to be emphasized: (a) The glucose con- 
centration was unchanged during 60 minutes in the postequilibration me- 
dium and there was no lactic acid formation. The leaching of a complete 
glycolytic system is therefore excluded. Special assays with G-6-P dehy- 
drogenase after the addition of ATP failed to demonstrate the formation of 
G-6-P. The presence of glucohexokinase is therefore excluded. (b) There 
was no dissimilation of G-1-P by the postequilibration medium. The ester 
was measured quantitatively by determining the reducing value of the me- 
dium before and after 10 minute hydrolysis in 1 n HCl] at 100°. The pres- 
ence of phosphoglucomutase is therefore excluded. (c) We observed no 
dissimilation of G-6-P (see ‘““Methods” for quantitative measurement). 
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Phosphohexoisomerase in the medium is therefore excluded. (d) No dissimi- 
lation of F-6-P was demonstrable when specific enzymatic methods already 
outlined in ‘‘Methods” were used to measure the ester. This corroborates 
the evidence obtained with G-6-P that phosphohexoisomerase is absent from 
the postequilibration medium. In addition, when ATP was added to the 
medium, no formation of F-1 ,6-P was observed (with Racker’s enzyme frac- 
tion II (6) as outlined in ‘““Methods’”’). Thus, the presence of phosphohexo- 
kinase was excluded. Finally, (e) F-1,6-P was rapidly dissimilated by al- 
dolase leached into the postequilibration medium to an equimolecular mix- 
ture of dihydroxyacetone phosphate and p-glyceraldehyde 3-phosphate. 
This was established by using glyceraldehyde-3-phosphate dehydrogenase 
and DPN as an assay system (10) and observing a 1:1 molecular ratio be- 
tween F-1,6-P and the glyceraldehyde 3-phosphate. In addition, no lac- 
tic acid was formed. Thus, the presence of both triose isomerase and glyc- 
eraldehyde-3-phosphate dehydrogenase in the medium is excluded. The 
rate of dissimilation of F-1,6-P by the aldolase in the postequilibration me- 
dium, expressed in terms of the weight of the diaphragm present in the in- 
itial period, was found to be 50 to 60 wmoles per gm. of diaphragm per 60 
minutes. 

The presence of insulin in the medium was without effect in all of our ex- 
periments on the dissimilation of these metabolites by the postequilibration 
media. 

Zierler et al. (11) and Beloff-Chain et al. (12) have reported positive re- 
sults in three instances in experiments on dissimilation of certain hexose 
phosphate esters by postequilibration medium from rat diaphragms. In 
two instances their results are completely at variance with ours; in one in- 
stance there is agreement. Zierler et al. (11) reported that G-1-P was dis- 
similated to a mixture of G-6-P, F-6-P, and F-1,6-P. These results indi- 
cated the presence of phosphoglucomutase, phosphohexoisomerase, and 
phosphohexokinase. We never have been able to demonstrate any dissim- 
ilation of G-1-P and have ruled out the presence of all of these enzymes in 
our postequilibration media by specific enzymatic tests. Beloff-Chain et 
al. (12) reported the presence of phosphohexoisomerase in postequilibra- 
tion medium dissimilating F-6-P or G-6-P to an equilibrium mixture. Our 
experiments with these metabolites were completely negative. Zierler dem- 
onstrated the presence of aldolase in his media in agreement with our re- 
sults. 

No other data on dissimilation by postequilibration media were reported 
by these authors. Beloff-Chain et al. (12) compared the dissimilation of 
G-1-P and glucose with the diaphragm inthe medium. They found that 
G-1-P was dissimilated to a greater extent than glucose. The addition of 
insulin, which customarily increases glucose uptake, actually decreased 
that of G-1-P. The products of dissimilation were not recorded. We 
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were unable to confirm these observations. Ina series of experiments in 
which rat hemidiaphragms were equilibrated with 0.004 m G-1-P in the 
medium, we found no significant decrease in the ester after 60 minutes 
equilibration at 38° with oxygen as the gas phase. 

We have no explanation for the discrepancy between our results and those 
of Zierler et al. or Beloff-Chain et al. In several respects our techniques 
differed; in particular, our media always contained calcium (0.001 m) 
whereas the media of the above authors did not. Whether these technical 
differences can account for the discrepancies is a matter for future experi- 
mentation. 


DISCUSSION 


The experimental data outlined appear to us to demonstrate the following 
points: (1) Under the conditions of our experiment, 7.e. use of a phosphate 
medium at a relatively high pH (7.4) with no added bicarbonate, the rat 
diaphragm in vitro can be shown to dissimilate the medium glucose by two 
different pathways. The intermediaries formed are those of the classical 
Embden-Meyerhof schema. The first pathway goes through G-6-P and 
G-1-P to glycogen. Apparently there is no formation of F-1,6-P from the 
G-6-P by this pathway. It is further characterized by being responsive to 
insulin, which causes a more rapid turnover of both G-6-P and G-1-P and 
a greater synthesis of glycogen from medium glucose. Furthermore, the 
phosphate esters formed, t.e. G-6-P and G-1-P, do not leave the interior of 
the diaphragm, nor do these phosphate esters, when added to the medium, 
enter the diaphragm to mix with the interior esters. 

A second glycolytic pathway also forms G-6-P from medium glucose 
which is converted to lactic acid. However, the two G-6-P pools are not 
the same as shown by isotopic data. F-1,6-P is formed from this G-6-P 
formed by the second pathway, and is further dissimilated to lactic acid. 
The phosphate esters G-6-P and F-1,6-P, but not G-1-P, when added to 
the medium, readily enter into the metabolic system and interchange with 
the identical phosphate esters when these are formed from medium glucose. 

(2) In no instance have we been able to demonstrate a dissimilation of 
medium glucose to lactic acid by any enzymatic system leached out of a 
rat diaphragm. Using specific enzymatic methods, we have carried out 
careful control experiments on media equilibrated with rat diaphragms. 
Under the conditions of our experiments we have demonstrated the com- 
plete absence in these media of the Embden-Meyerhof enzymes, gluco- 
hexokinase, phosphoglucomutase, phosphohexoisomerase, phosphohexo- 
kinase, triose isomerase, and glyceraldehyde-3-phosphate dehydrogenase. 
We therefore conclude that the phenomena reported cannot be accounted 
for by the presence of soluble enzymes in the medium leached out of the 
diaphragm. 
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The most plausible hypothesis which has occurred to us to explain these 
phenomena is to postulate the existence of two glycolytic systems which 
may be termed internal and external. The exact loci of these two systems 
need not be too closely defined. One may be considered to be intracellular 
and the other to exist upon the surface of the diaphragm. To attempt to 
define more closely the geometric localization of the surface enzyme would 
be pointless with our present knowledge of the phenomenon. 

The possible existence of enzymes upon the surface of cells is not a new 
concept. Rothstein and Meier (13), using yeast cells, demonstrated an 
ATPase action by the cell surface. By using ATP labeled with P®, their 
data excluded the possibility that the ATP was hydrolyzed within the 
cell, followed by a return of both the ADP and the isotopic phosphate into 


the medium. In addition, they excluded the existence of ‘leached en- | 
zymes,”’ and furthermore showed that other dephosphorylating enzymes | 
appeared to be functioning by the same mechanism. Marsh and Haugaard | 
(14) have demonstrated an ATPase action on the cell surface of the isolated — 


rat diaphragm which is not due to leached enzymes. Muntz, Singer, 


and Barron (15) concluded from experiments upon the glucose metabolism © 
by yeast that the inhibiting action of uranium salts was at the surface of | 


the cell. Rothstein and Larrabee (16) concluded from similar experiments 
with yeast that uranium existed at relatively high concentrations in an un- 
dissociated form upon the cell surface. They concluded that its presence 


at this locus inhibited oxygen uptake. This inhibition was reversed by | 


the addition of small concentrations of inorganic phosphate. In contrast, 


the uranium inhibition observed in cell-free extracts of yeast was unaffected © 
by phosphate. These authors cited these data as further evidence of the — 


existence of active enzyme systems localized to cell surfaces. Sacks (17), 


in the study of the metabolism of injected isotopic phosphate by muscle, — 


reported data from which he concluded that G-6-P is formed upon the cell) . 


membrane, followed by the penetration of the glucose portion to the in- 
terior cell and the subsequent hydrolysis of the phosphate linkage with the | : 
phosphate remaining in the extracellular phase. Lehninger (18) also in- 

voked the existence of internal and external enzyme systems in mitochon- | 

dria. He studied the oxidation of B-hydroxybutyrate, a DPN-linked sub- 
strate. Neither DPN nor cytochrome c need be added to the medium to) 
obtain oxidation of the B-hydroxybutyrate. The internal DPN is reduced 


rat 


Ex 


To 


by the reaction and is reoxidized by the internal cytochrome c; the initial | me 


amounts of these factors present in the mitochondria suffice for the attain- 
ment of maximal rates of oxidation. This oxidation is accompanied by. 
phosphorylation with a P:O ratio approximating 3.0. In contrast to this 
internal system, the oxidation of externally added DPNH requires the addi- 
tion of cytochrome c to the test medium. ‘Clearly the externally added 
DPNH does not react with the same cytochrome c reductase molecule with 
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which the internal DPNH reacts” (18). The external oxidative system is 
not accompanied by any significant formation of energy-rich phosphate 
bonds, and furthermore antimycin A has no effect upon the external en- 
zymatic reactions in contrast to its significant inhibition of the oxidation 
by the intact mitochondria. These experiments appear to be the only 
ones we have encountered in the literature which demonstrate that en- 
zyme systems essentially alike in their main features may coexist as internal 
and external systems. 

The experiments on the diaphragm reported in this paper appear to il- 
lustrate another example of this dual modality of enzyme action existing 
in one and the same tissue. It appears to be unique in that the two sys- 
tems have been shown to respond differently to a hormone. In relation to 
current theories of insulin action, the data seem to be consistent with the 
hypothesis that insulin, at least in muscle, is concerned with transport of 
glucose across cell boundaries into the interior of the cell. The glucose- 
glycogen system appears definitely to possess barriers which prevent the 


- entrance or exit of phosphorylated sugars. Since the diaphragm is also 


insulin-responsive, it might be assumed that it also possesses a barrier 


- against glucose which is influenced by the hormone. The glucose-lactic 


system, on the other hand, appears to permit free interchange of phosphate 
esters in the medium with “reactive” esters of the metabolic pool. In 


— other words, no barrier to the ready entrance of these substrates to the 


sites of enzyme action appears to exist. Since the system is non-responsive 
to insulin, we may further assume that no barrier to glucose exists. Al- 


_ though such evidence cannot be offered as proof of the transport theory, 
it seems to be more consistent with it than the hypothesis that insulin 
_ affects the hexokinase system. This alternative would then require the 
_ assumption that two enzyme systems existing in one and the same tissue 
_ respond differently to a hormone. This second alternative appears less 
_ likely than the first one. 


SUMMARY 


Observations on the metabolism in vitro of hemidiaphragms from normal 


_ rats in a phosphate-saline medium (pH 7.4) + glucose-U-C" are reported. 
_ Equilibration was usually for 2 hours at 38° with oxygen as the gas phase. 
- Total lactic acid formation from glucose was unaffected by insulin in the 
- medium; in contrast, glycogen synthesis from medium glucose was always 
| increased. The Embden-Meyerhof intermediaries were isolated from the 
; diaphragm and separated by chromatographic methods, and their C™ ac- 


tivity was determined. These data show that insulin increases the turn- 
over rate of glucose 6- and glucose 1-phosphates. Surprisingly, C“ was 
never found in the fructose 1 ,6-diphosphate. , 

Experiments with carrier or isotopic hexose phosphates in the medium, 
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together with glucose + insulin, were also performed. In some instances, 
upon equilibration, the esters were reisolated from medium and diaphragm. 
The results indicate that in the insulin-responsive (glucose to glycogen) 
system there is no interchange between esters in the medium and those in 
the diaphragm. In contrast, in the insulin-non-responsive (glucose to 
lactic acid) system there is a free interchange between the esters of the 
medium and those in the pathway of lactic acid formation. The possi- 
bility that enzymes leached out of the diaphragm into the medium are re- 
sponsible for the results was excluded. 

The experiments are compatible with the hypothesis that, under the con- 
ditions of our experiments, two glycolytic pathways are operative in the 
normal rat diaphragm: an internal (glucose to glycogen) system which is 
insulin-responsive, and an external (glucose to lactate) system which is 
insulin-non-responsive (surface). The data are in harmony with the con- 
cept that a transport mechanism in the diaphragm is involved in the insu- 
lin-responsive but not in the non-responsive system. 


We wish to express our grateful appreciation to Mrs. Penelope M. Ash- 
mead for her unremitting and painstaking assistance in the performance of 
the experiments and the analyses. 
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Oxidative phosphorylation has been widely studied over a period of 
years with respect to its distribution, its extent, and the mechanism of its 
operation. In animal systems, the outstanding features of the process 
include high P:O ratios and the coupling of much of the phosphorylation 
to the transport of electrons in the coenzyme or metalloprotein chain. In 
microorganisms, P:O ratios greater than 1 are occasionally observed (1, 2), 
but more frequently the values are less than 1 (3, 4), and the extent to 
which phosphorylation is coupled to electron transport is not known for 
many of these forms. 

The present paper describes oxidative phosphorylation in intact Aceto- 
bacter suboxydans cells. Despite its aerobic characteristics, this organism 
appears essentially devoid of the Krebs cycle, the bulk of its energy being 
obtained from single step oxidations of carbohydrates and polyalcohols as 
well as from the pentose cycle (5, 6). The experiments to be described 
demonstrate phosphorylation coupled to oxidation of glucose, fructose, or 
glycerol, with low P:0O ratios of 0.5 or less. Phosphate uptake is measured 
as the decrease in the concentration of orthophosphate within the cell and 
the medium. Pyrophosphate and polymetaphosphate may participate in 
phosphorylation in this organism. 


Methods and Materials 


A. suboxrydans cells (ATCC 621) were grown in a yeast extract-glycerol 
medium, as described in earlier reports from this laboratory (7). The cells 
were suspended in phosphate buffer, 0.1 m, pH 6.0, and depleted for 2 hours 
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and Company, and the Division of Research Grants and Fellowships, National In- 
stitutes of Health, United States Public Health Service. Published with the ap- 
proval of the Monographs Publications Committee, Research Paper No. 309, School 
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1956. 
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by being shaken at room temperature without a substrate. They were 
then washed twice in cold distilled water, and centrifuged at a standard 
speed to produce the wet cell paste used. The paste varied somewhat from 
batch to batch, but contained approximately 20 per cent dry matter. In 
the experiments in which phosphate consumption was measured, the cells 
suspended in malate medium (see below) were usually fasted for an addi- 
tional hour before use. 

The standard malate medium used in all the experiments consisted of 
75 ml. of 0.1 mM malate buffer, pH 6.0, containing 0.001 m ethylenediamine- 
tetraacetate, 5 ml. of 0.8 m MgCle, and water to 100 ml. 

Inorganic orthophosphate was determined according to the Fiske-Sub- 
barow method. Acid-labile phosphate was determined by heating the 
sample in 1 N H2SQO, in a boiling water bath for 15 minutes and determin- 
ing orthophosphate as usual. Radioactivity in phosphorylated products 
(non-molybdate-reacting fraction) was determined according to Nielsen and 
Lehninger (8). 

For the chromatographic separation of phosphate compounds, the 
method was that described by Hurlbert et al. (9), except that 8 per cent 
cross-linked Dowex 1 was used. The column was 20 cm. long with a bed 
volume of 15 ml. The mixing flask contained 500 ml. of distilled water and 
the reservoir flask contained 1 M ammonium formate, pH 5.0, at the begin- 
ning of the fractionation. 100 5 ml. fractions were then collected, where- 
upon the contents of the reservoir flask were changed to 2 M ammonium 
formate, pH 5.0, and 70 more fractions were collected. 

All radioactivity measurements were made upon 1 ml. liquid samples in 
glass planchets and counted with an ordinary end window Geiger-Miiller 
tube, to a precision of at least 2 per cent. 

Carrier-free H;P”O, was obtained from the Oak Ridge National Labora- 
tories, Oak Ridge, Tennessee. 


EXPERIMENTAL 


When resting cells of A. suboxydans are incubated aerobically in the 
presence of glycerol, oxygen is consumed at a rapid rate. The immediate 
product of this oxidation is DHA,’ but oxygen is consumed to the extent 
of 4 to 5 atoms of oxygen per mole of glycerol, thus indicating that DHA 
is extensively oxidized. Fasted cells oxidize DHA very slowly, and it has 
been found in this laboratory that DHA must be phosphorylated before it 


1 The following abbreviations are used throughout this paper: DHA, dihydroxy- 
acetone; TCA, trichloroacetic acid; ATP (A-R-P-P-P), adenosine triphosphate; ADP 
(A-R-P-P), adenosine diphosphate; P-P, inorganic pyrophosphate; GDP, guanosine 
diphosphate; CTP, UTP, and GTP, cytidine, uridine, and guanosine triphosphate; 
DPN and TPN, diphospho- and triphosphopyridine nucleotide; G-6-P, glucose 
6-phosphate. 
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can be further metabolized (6). This shows indirectly that energy supplied 
by the oxidation of glycerol to DHA is used for phosphorylation, as the 
DHA is rendered available for metabolism by the simultaneous oxidation 
of glycerol. 

Pure fructose is also slowly oxidized by depleted A. suboxydans. The 
oxidation may be started by the addition of 0.2 umole of glucose as a 
“sparker;” then the oxidation proceeds at a steady and rapid rate. Once 
the oxidation has started, it will induce the phosphorylation of more fruc- 
tose. 

In order to demonstrate phosphorylation directly in A. suboxydans, it 
was necessary to use high cell concentrations and low concentrations of 
orthophosphate in the suspensions. In Fig. 1, Curve A, are given the re- 
sults from a typical experiment with glycerol as substrate. When short 
time incubation was used, glycerol or glucose was chosen as substrate, on 
the assumption that there was no lag period in the oxidation of these sub- 
strates. 

In some experiments, cell suspensions were incubated for 15 to 20 minutes 
with substrate; then the oxidation was stopped by filling the flask with 
N; or CO. Under these conditions, orthophosphate which was consumed 
during the aerobic phase of the experiment was rapidly liberated again. 
Fig. 1, Curve B, shows the results from this type of experiment. Fructose 
was used as substrate, because, after the initial lag, the oxygen consumption 


_ during the oxidation of this sugar is almost linear for a long period of time. 


The final level of orthophosphate in a respiring cell suspension could be 
expected to represent an equilibrium concentration at which the ortho- 
phosphate consumption and liberation are equal in rate. The rate of phos- 
phorylation might then be determined in two ways, either (a) directly by 
using short incubation times (small concentrations of phosphorylated prod- 


ucts), thus diminishing the errors due to orthophosphate liberation, or (b) 


by interrupting the respiration and phosphorylation at equilibrium con- 
centration of orthophosphate and measuring the initial rate of dephos- 
phorylation (10). This method is based upon the assumption that the de- 
phosphorylation proceeds at the same rate in the absence and presence of 
respiration. Data such as those shown in Fig. 1, Curve B, were analyzed 
in order to calculate the initial rate of orthophosphate formation. The 
rate of oxygen consumption was measured in parallel manometric experi- 
ments on the same cell suspension, and the data were used to determine the 
P:O ratios according to method (b) above. The values found with fruc- 
tose as substrate were low, usually close to 0.2. It is uncertain whether 
gassing with N» or CO is effective in stopping respiration completely, and 
failure to do so might explain the low P:O ratios measured by this method 
as compared to those measured more directly (see below). 
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oO 


MOLES ORTHOPHOSPHATE PER FLASK 


5 
INCUBATION TIME (MINUTES) 
Fia. 1 Fia. 2 


Fic. 1. Curve A, the change in orthophosphate concentration with incubation 
time in a resting cell suspension of A. suborydans-oxidizing glycerol. The suspension 
was made with 0.5 gm. of wet cell paste per 20 ml. in standard malate medium con- 
taining 0.1 ml. of 0.1 m phosphate, pH 6.0, and was kept at 0°, and then 3 ml. aliquots 
were removed, diluted with 0.5 ml. of water, and equilibrated at 30° for 3 minutes’ 
with shaking. The reaction was started by the addition of 1.0 ml. of 0.1 m glycerol, 
and stopped as desired with 0.5 ml. of 50 per cent TCA. Substrate and TCA were 
added during shaking through flexible polyethylene tubes. Curve B, liberation of 
orthophosphate in a preincubated cell suspension after change to anaerobic condi- 
tions. Cell suspensions were made as described for Curve A. Each flask contained 
3 ml. of suspension, 0.5 ml. of water, and 1.0 ml. of 0.1 mM fructose. The mixture was 
incubated aerobically for 20 minutes at 30°, at zero time was gassed with N¢ for 30. 
seconds, and the incubation was carried on anaerobically. The reaction was stopped 
by addition of 0.5 ml. of 50 per cent TCA. 

Fic. 2. Incubation flask equipped for short time phosphorylation experiments. 
The glass bulbs, A and B, made from 3 mm. outside diameter Pyrex tubing, are 
held on to the metal rods R by means of small diameter rubber tubing T. The stems 
of the bulbs are not closed after the contents are added, and the lower tapered part 
of rods R extend inside the stems of A and B, so that a rigid connection between 
glass and metal is obtained. The rods are fitted with springs S, which are held 
stretched by means of string loops and secured with the glass rods G. Pieces of 
aluminum wire H are used to remove G during shaking of the flask. When the spring 
are released in this way, the bulbs are broken and the contents of the bulb and the 
flask are mixed rapidly, due to the shaking. Additions can in this way be made 
within a few seconds, and the incubation times recorded with good precision. 
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Attempts were therefore made to use method (a) and to determine P:O 
ratios by measuring the initial rate of orthophosphate disappearance. It 
became necessary to employ very short incubation times, and a special 
apparatus (Fig. 2) was developed for this purpose. In these experiments 
no extra phosphate was added beyond that present in the depleted, washed 
cells themselves. To obtain sufficient precision in the determination of 
orthophosphate, it was necessary to use dense cell suspensions. During 


TABLE I 


Orthophosphate Consumption in A. suboxydans during Short Incubation Times 
with Glucose and Glycerol As Substrates 


Orthophos- 
Substrate phate con- P:0O ratio 
sec. pmole per flask umole 

3.2 0.591 0.081 0.36 


The cell suspension contained 2.5 gm. of wet cell paste made up to 100 ml. with 
the standard malate medium. 3 ml. of the ice-cold suspension were equilibrated for 
3 minutes at 30°, and then 0.5 ml. of 0.1 m glucose or glycerol was added. 3 to 4 
seconds later, 0.5 ml. of 40 per cent TCA was added, the suspension was centrifuged 
in the cold, and orthophosphate was determined in the supernatant fluid. The addi- 
tions of substrate and TCA were made by means of the apparatus shown in Fig. 2, 
and the incubation time was measured with an ordinary stop watch. The suspen- 
sion was diluted, 1:4, with the standard medium, and oxygen consumption, with the 
same volumes of suspension and substrate, was determined according to the con- 
ventional manometric technique. 


the short incubation periods for which phosphate disappearance was meas- 
ured, sufficient oxygen was present in the liquid so that overloading of the 
suspension with cells offered no difficulty. There was, however, difficulty 
in the separate, long time, manometric experiments in which the rates of 
oxygen consumption were measured, because these rates were 2 to 5 times 
higher than the oxygen diffusion rate under the conditions used. It was, 
therefore, necessary to dilute the suspensions in the manometric experi- 
ments and multiply the measured oxygen consumption values accordingly. 
The criticism may be offered against comparing the short period phos- 
phorylations with longer period oxygen consumptions, in that a lag may 
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occur in the oxidation of the added substrates, and the observed P:O ratios 
would be spuriously low. However, as far as the limitations of the method 
would permit, higher rates of phosphorylation were observed as the incu- 
bation time was reduced. 

By this method, the P:O ratios measured for glucose as substrate ranged 
from 0.31 to 0.41, and with glycerol from 0.27 to 0.35. 

The protocol for a typical experiment is shown in Table I. 


150 
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3 
INCUBATION TIME (MINUTES) 


Fic. 3. Incorporation of orthophosphate and radioactivity into the non-molyb- — 
date-reacting fraction in A. suborydans, during aerobic incubation with glycerol as — 
substrate. Curve 1, consumption of orthophosphate; Curve 2, radioactivity recov- | 
ered after removal of orthophosphate as the molybdate complex. Each flask con- | 


tained 190 ml. of suspension (12 gm. of wet cell paste per 100 ml. of suspension in 
standard malate medium. Carrier-free P20, was added). A zero time sample 
was taken by adding 0.5 ml. of TCA (1 gm. per ml.) to 9.5 ml. of suspension. 1 ml. 
of glycerol was added to each flask and the flasks were gassed with oxygen, and then 
shaken vigorously for 30 seconds, 3 minutes, and 10 minutes, respectively. The re- 
action was stopped by adding TCA to 5 per cent concentration. The suspension was 
cooled and centrifuged at about 15,000 X g for 30 minutes. Aliquots of the clear 
extracts were analyzed for orthophosphate and non-molybdate-reacting radioactiv- 
ity. 


The phosphate consumption data in Table I were obtained by measuring 
relatively small colorimetric differences, and the error will therefore be 
large. An error not exceeding 25 per cent was estimated, based upon the 
accuracy of the colorimetric determination of orthophosphate and the range 
observed in the experiments. 

Experiments with P®O,-—-A suspension of depleted and washed A. sub- 
oxydans cells was incubated for varying time intervals in an atmosphere of 
oxygen with glycerol as substrate in the presence of trace amounts of 
P®Q,-. After TCA addition and centrifugation, aliquots of the clear ex- 
tracts were analyzed for orthophosphate and for radioactivity in the non- 
molybdate-reacting fraction. The results are presented in Fig. 3. 
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To the remainder of the extracts, barium acetate was added to 2 per cent 
concentration, and sodium hydroxide to neutrality with phenol red. After 
at least 30 minutes in the cold, the precipitate was collected by centrifuga- 
tion, washed with cold water, and shaken with Dowex 50 (hydrogen form) 
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Fic. 4. Ultraviolet absorption and radioactivity in the tubes from chromato- 
graphic fractionation of Ba-insoluble phosphates from the TCA extract of respiring 
A, subozydans. The substrate was glycerol, and the incubation time 3 minutes. 
Trace amounts of P%?-orthophosphate were added to the medium. The curve enclos- 
ing the light areas corresponds to radioactivity in the respective tubes over the aver- 
age background. The radioactive data were obtained with 0.1 ml. samples from 
each tube and placed in a ruler-shaped sample holder, carrying forty samples, which 
was moved past the window of a Geiger-Miiller tube connected to a recorder through 
arate meter. In later experiments, the Geiger-Miiller tube was placed with the 
window close to the collecting tube of a constant volume fraction collector, and the 
readings were recorded as before. When the tube was emptied, the reading would 
drop momentarily, indicating changing of tubes. The curve enclosing the shaded 
areas gives the optical densities at 260 my in the tubes, corresponding to the radio- 
active peaks. The points on the continuous curve to the upper right give the ratios 
for each tube between the optical density at 275 and that at 260 mu. The fractions 
indicated by numbers on the graph are Peak 1, inorganic orthophosphate (position 
only); Peak 2, inorganic pyrophosphate (partly overlapping ultraviolet-absorbing 
peak); Peak 3, CTP; Peak 4, ADP; Peak 5, UTP; Peak 6, ATP; Peak 7, GTP. 


until dissolved. The resin was removed by filtration and washed, and the 
extract was again neutralized. The different phosphate compounds were 
then separated by ion exchange chromatography on a column of Dowex 1, 
formate form (9). 

Successive samples of the tube contents were scanned for radioactivity, 
and the optical densities at 260 and 275 my were determined in the tubes 
corresponding to the radioactive peaks. Fig. 4 shows the ultraviolet ab- 


as 
on- 
in | 
ple 
ml. 
nen 
re- 
Vas 
ear 
iv- 
ing 
be 
the 
ige 
of 
; of 
on- 


142 OXIDATIVE PHOSPHORYLATION 


sorption and the radioactive data from a representative experiment. The 


ratios between the optical densities at 275 and 260 my identified the purine © 


or pyrimidine part of the eluted nucleotides and indicated to what extent 


the fractions were overlapping, so that tubes containing pure substances — 


could be used for further work. 


—- 


Large amounts of strongly radioactive orthophosphate were eluted close | 
to Tube 30 in most experiments. Around Tube 70 another strongly radio- | 
active peak was eluted, which was identified as inorganic pyrophosphate. — 
This was partly contaminated with another peak which probably contained — 


a low concentration of a mixture of mononucleotides. Pyrophosphate was 


identified by means of paper chromatography in two different solvents: | 


acetic acid-ethyl acetate-water, 3:3:1; and methanol-formic acid-water, | 
16:3:1. Also, after addition of carrier Na,P.O:, it was repeatedly precipi- | 
tated as the zinc salt at pH 3.8. The specific activities of the initial mix- — 
ture, and after one, two, and three precipitations, were, respectively, 934, — 


775, 772, and 815 c.p.m. per umole of acid-labile phosphate. 

The following fractions were tentatively identified by means of their 
275:260 ratios as CTP, ADP, UTP, ATP, and GTP. Occasionally small 
amounts of GDP were eluted after UTP. 

Water and ammonium formate were removed from the pooled fractions. 
The nucleotides were conclusively identified and measured by their ultra- 
violet spectra (11, 12), and acid-labile phosphate and radioactivity were 
determined in all fractions. The results are given in Table II and Fig. 5. 

The ATP from the 10 minute incubation period was allowed to react 
with glucose in the presence of hexokinase. ADP, G-6-P, and some AMP 


were isolated by direct chromatography of the reaction mixture. (G-6-P | 


was identified and analyzed by its reduction of TPN with G-6-P dehydro- 


genase.) The data for ADP and AMP are included in Table II after cor- | 


rection for radioactive decay. 


According to Fig. 3, the amount of radioactivity in the non-molybdate- | 


reacting fraction was much lower, on a percentage basis, than the amount 
of orthophosphate that disappeared. The portion of radioactivity re- 
covered approached one-half of the fraction of orthophosphate removed 
after 10 minutes of incubation. This has been confirmed in a number of 
experiments with incubation times up to 90 minutes. The same ratio of 
0.5 was found, irrespective of whether extra orthophosphate or only trace 
amounts of P#O,- were added to the medium. The disappearance of 
orthophosphate was initially a rapid process, but the incorporation of radio- 
activity into phosphorylated products reached its maximum much later. 
It is evident that the orthophosphate in the cell is preferentially used during 
the initial incubation period, and that some active respiration is needed 
before equilibrium is established between the phosphate in the medium and 
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that in the cells. Specific activity in the remaining total orthophosphate 
can be calculated. Since, after 30 seconds, the orthophosphate remaining 
(67.3 per cent) retained 98.6 per cent of the radioactivity, its relative spe- 
cific activity would be 98.6/67.3 = 1.465. The data calculated in this way 


TABLE II 


Relative Amounts of Acid-Labile Phosphate and Organic Base in Nucleotides Isolated 
from A. suboxydans and Specific Activity in Various Nucleotides 


Acid-labile P groups 
Incubation time Nucleotide Amounts isolated per purine or Specific activity 
pyrimidine 
30 UTP 1.79 2.04 4,720 
30 ATP 2.45 2.00 5,470 
30 GTP 0.53 2.47 5,540 
min. 
3 CTP 0.78 2.18 24,600 
3 ADP 0.37 1.13 22,200 
3 UTP 2.53 1.84 22,850 
3 ATP 3.29 1.91 23,350 
3 GTP 0.54 1.99 19,850 
min. 
10 CTP 0.84 2.11 53, 200 
10 ADP 0.13 55, 800* 
10 “ 1.41 0.99 54, 200t 
10 UTP 1.75 2.14 45,300 
10 ATP 3.83 2.17 45,800 
10 GTP 1.23 2.02 42,400 
10 AMP 0.26 9 ,030*f 


Absorption spectra for the nucleotides were determined in 0.1 N HCl and 0.1 Nn 
NaOH, and the amounts were calculated. 

* Specific activity given as counts per minute per micromole of purine. 

t Isolated from the reaction mixture (ATP, hexokinase, glucose) after chromatog- 
raphy. 


are plotted for comparison (Fig. 5, Curve 1) and coincide well with the 
experimental values. 

In the same way the expected average of the specific activities of the 
products of phosphorylation was calculated. This was found to be lower 
than the activities of all the isolated fractions (Fig. 5) and indicated that 
orthophosphate of low activity had been incorporated into another phos- 
phate compound, which was not isolated in this experiment. Such a com- 
pound might be high polymer metaphosphate, which has frequently been 
demonstrated in microorganisms (13, 14). It was found that part of the 
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phosphate consumed during oxidation of glycerol could not be recovered in 
the supernatant liquid (TCA extract) by analysis for acid-labile phosphate. 
Assuming that not all of the loss was due to the conversion into stable es- 
ters, part of the phosphate may have been bound in a fraction which is not 
soluble in 5 per cent TCA under the conditions of the experiment. This 
would correspond to the properties of metaphosphate (13). 

A high polymer metaphosphate was later isolated from TCA-treated A. 
suboxydans by extraction of the residue with water at neutral pH (13). 
After centrifugation, the extract was treated with barium acetate, and the 


— 
510, 
2 
Ba 


3 10 
INCUBATION TIME (MINUTES) 
Fic. 5. Change of specific activity (specific activity = counts per minute per 
micromole of orthophosphate or acid-labile phosphate measured as orthophosphate) 
with incubation time of the different phosphates in A. subozydans. Curve 1, calcu- 
lated activity of inorganic orthophosphate; Curve 2, calculated average activity of 


products of phosphorylation. Calculations were based on the data presented in Fig. | 
3 (see the text); Curve 3, experimental data for orthophosphate; Curve 4, experi- — 
mental data for pyrophosphate; Curve 5, experimental data for ATP (see Table II). | 
The values refer to the acid-labile groups in ATP, and the data for the 10 minutes © 
incubation period were corrected for activity in AMP. The specific activities in the — 
acid-labile group in ADP and in those of the other isolated nucleotides were virtually — 


identical with the corresponding activities of ATP. 


precipitate was collected with centrifugation and rendered soluble with | 
Dowex 50 (hydrogen form). The solution was clarified by centrifugation _ 


and reprecipitated with barium acetate at pH 3.0. After being rendered | 


soluble with Dowex 50, the solution was dialyzed for 24 hours against dis- 
tilled water, and then clarified by centrifugation when necessary. The 
solutions prepared in this way gave a purple to pink color with toluidine 
blue (30 mg. per liter) and were hydrolyzed to orthophosphate in 1 N 
H.SO, at 100° for 15 minutes. Some substances that absorbed in ultra- 
violet light were still present, but the calculated ratio between acid-labile 
phosphate and “purine” was more than 12:1. ; 

The results from the time-course study (Fig. 5) indicated that inorganic 
pyrophosphate might play some role as an intermediate product in phos- 
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phorylation in A. suboxydans. It was also suspected that metaphosphate 
might be of importance. ‘These substances were therefore investigated for 
their possible ability to act as “‘sparkers” in the oxidation of fructose in 
fasted cells, sonic extracts, and the particulate preparation made from 


TABLE III 


Oxidative Incorporation of Orthophosphate and Radioactivity 
into Phosphate Compounds in A. suboxydans 


Experiment 1 Experiment 2 Experiment 3 
per cent per cent per cent 

Orthophosphate consumption 31.2 28.2 30.2 
P:? uptake, TCA-soluble fraction 3.5 11.4 15.1 
“  TCA-insoluble 0.0 2.5 3.4 
Orthophosphate 

Zero time 113,500 68 , 400 58, 200 

Calculated after incubation 109, 500 82,000 67,800 

Experimental from column 110,500 89,300 67 , 600 
Pyrophosphate 55,900 38, 200 28, 500 
ATP 10,150 29, 600 25, 600T 
ADP 25, 000T 
AMP 14, 700f 
Metaphosphate 2,800 1,060 


The cell suspensions in all three experiments were 12 gm. of wet cell paste per 100 
ml. of suspension in standard malate medium. The procedure was as in the time- 
course study. Experiment 1, the suspension was incubated for 15 minutes in oxy- 
gen with glycerol as substrate, but with no radioactivity. Then P*?-orthophosphate 
was added rapidly and the shaking was continued for 60 seconds more before the addi- 
tion of TCA. Experiment 2, the suspension was incubated for 15 minutes in oxygen 
with fructose as the substrate and P*?-orthophosphate in the medium. Experiment 
3, the suspension was incubated for 60 minutes in oxygen with glycerol as the sub- 
strate and P*?-orthophosphate in the medium. The values for the orthophosphate 
consumption and the P*? uptake are presented as per cent initially present. 

* Specific activity = counts per minute per micromole of orthophosphate or 
acid-labile phosphate measured as orthophosphate. 

t Corrected for radioactivity in AMP. 

t Obtained as remaining activity after the acid-labile phosphate in ATP was re- 
moved by extraction as the molybdate complex. 


alumina-ground cells described by Widmer et al. (7). Nosuch effects were 
found. The metaphosphate used in these experiments was prepared from 
A. suboxydans or made synthetically by heating KH2PO, at 450° for 4 
hours (15). During these experiments it was shown that large amounts of 
metaphosphate were associated with the particulate matter in the cells. <A 
suspension of the particulates gave directly a pink to purple color with 
toluidine blue. 
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During respiration and phosphorylation in A. suboxydans, inorganic 


pyrophosphate was an early product as far as incorporation of radioactivity | 


was concerned. It seemed of interest to examine this compound further 


with respect to its rate of isotope incorporation during oxidation of different — 


substrates and over prolonged periods of incubation. Glycerol and fruc- | 


tose were selected as substrates, since the initial oxidation step for the for- — 


mer compound is independent of pyridine nucleotides, whereas the latter 


requires TPN or DPN (5, 6). 

The results of these experiments, given in Table III, indicate that pyro- 
phosphate had a high turnover rate, and reached its maximal level of radio- 
activity rapidly, even when the cells had been previously respiring for some 
time. After prolonged incubation (60 minutes) the radioactivity in ATP 
and ADP approached closely the activity in pyrophosphate or nearly one- 
half of that in orthophosphate. With glycerol as substrate, the activity in 
metaphosphate remained low even after 60 minutes of incubation. 


The same pattern of incorporation of P® was found with either fructose 
or glycerol as substrate. A considerable amount of radioactivity was, 
however, found in metaphosphate after only 15 minutes of incubation | 
with fructose. This has been confirmed in several experiments. When 


excess glycerol was present as substrate, only small amounts of radioactivity 
were found in the insoluble (5 per cent TCA) sediment. When small 
amounts of glycerol were used, so that the oxygen consumption was greater 
than 1 atom of oxygen per molecule of glycerol or when fructose was the 


substrate, higher levels of radioactivity were found in the insoluble fraction. | 


Preliminary experiments with yeast showed that inorganic pyrophos- 
phate was strongly radioactive after 5 minutes of incubation with ethanol 
as substrate, while the acid-labile phosphate groups of ATP and ADP had 
a much lower radioactivity (about one-seventh), but were equally active. 
Some P® was found in metaphosphate. 


DISCUSSION 


The present experiments provide evidence of oxidative phosphorylation 
in intact A. swhoxydans cells and demonstrate some important differences 
between phosphorylation in this organism and in animal tissues. 

The P:O ratios during oxidation of glucose and glycerol in A. suboxry- 
dans are low, almost certainly less than 1. The phosphorylated products 
soon reach a maximal concentration, possibly due to lack of acceptors and 
because of the rapid dephosphorylation reaction described in yeast by 
Lynen and K6nigsberger (10). 

The nucleotides that are active in phosphorylation are present in low 
concentrations (approximately 1.5 wymoles of ATP per gm. of respiring cells, 
dry weight), and attempts to improve the yields of phosphorylated prod- 
ucts through the addition of acceptors have been unsuccessful. 
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Inorganic pyrophosphate is present in relatively large amounts (about 
one-eighth of ATP) and turns over rapidly. However, its specific activity 
does not reach that of orthophosphate, but levels off close to half that value. 

After prolonged incubation, the specific activities of the acid-labile phos- 
phate groups in ATP and ADP approach that of inorganic pyrophosphate, 
not of orthophosphate. 

Large amounts of high polymer metaphosphate are present in this or- 
ganism, from 5 to 10 times the phosphate equivalent found in ATP. This 
material is slowly labeled by added P”O,*-, although there is some evidence 
that metaphosphate is formed in resting cells during glycerol and fructose 
oxidation. 

The rapid turnover of inorganic pyrophosphate in these experiments and 
the fact that the specific activities of the labile phosphates in ADP and 
ATP approach the specific activity of pyrophosphate rather than ortho- 
phosphate point strongly to inorganic pyrophosphate as an intermediate 
in oxidative phosphorylation in A. suboxydans as well as in yeast. This 
has been offered previously as a possibility in animal systems (16, 17), 
although the pertinent data would hardly serve to establish the point. 
Pyrophosphate was isolated from a rat liver preparation by Cori (18), and 
Lehninger and Smith (19) showed that radioactive pyrophosphate was 
formed in an active phosphorylating system containing P®?O,°-. 

Of related interest is the fact that the two acid-labile phosphate groups 
of ATP are generally equally labeled, although this is not a universal ob- 
servation (4, 20). When the two phosphates are equally labeled, as in the 
experiments of Krebs et al. (21) and of Siekevitz and Potter (22), this has 
been ascribed to myokinase activity. Although this may explain many 
of the observations previously recorded in the literature, the A. suboxydans 
phosphorylating system would appear to operate differently. In this or- 
ganism the concentration of AMP was small compared to that of ATP (5 
per cent or less), and the rate of the myokinase reaction would have to be 
great in order to randomize the phosphate groups in ATP. A theory that 
would explain direct labeling of both acid-labile phosphate groups would 
seem to have some advantage over the addition of orthophosphate on to 
ADP. As ADP has been shown to be the preferred acceptor in phos- 
phorylation in animal mitochondria (23), the following scheme may be 
suggested : 


A—R—P—P + P®—p# A—R—P—P#—p® + P 


This scheme would confirm the observations in this paper and also those of 
Siekevitz and Potter (22) with unequally labeled A-R-P-P® as acceptor in 
mitochondria. ‘These authors observed a great dilution of radioactivity in 
ADP and ATP, as well as the formation of radioactive orthophosphate 
inside the mitochondria during phosphorylation. 
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The origin of pyrophosphate, uncertain in animal systems, also remains 
to be explained in Acetobacter. The P.O;*-:P”O,- activity ratio of 0.5 
may point to an interaction of 1 molecule of orthophosphate with a low ac- 


tivity P donor, possibly polymetaphosphate, to form a molecule of pyro-— 


phosphate. High polymer metaphosphate is present in large amounts in 
the particulate matter of the cells, in which the concentration of the re- | 


spiratory pigments is high. 


SUMMARY 


Phosphorylation coupled to oxidation of glycerol, glucose, or fructose | 
has been demonstrated in intact cells of Acetobacter suboxydans. P:0 


ratios are low (0.5 or less). 


Time-course studies with P**O, indicate that inorganic pyrophosphate — 
may function as an intermediate in phosphorylation in this organism. The — 
specific activity of pyrophosphate reaches approximately one-half that of 


orthophosphate. 


Polymetaphosphate is found in relatively large amounts in Acetobacter. — 


It is suggested that this material may participate in the formation of pyro- | 


phosphate. 


The authors are grateful to Dr. C. H. Wang for supervision of the radio-— 


active work, and to Dr. R. W. Newburgh for helpful advice. 
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ENZYMATIC DECARBOXYLATION OF OXALIC ACID 


By HIRAO SHIMAZONO* ann OSAMU HAYAISHI 


(From the National Institute of Arthritis and Metabolic Diseases, 
National Institutes of Health, Bethesda, Maryland) 


(Received for publication, January 2, 1957) 


Large quantities of oxalic acid accumulate in the cell sap of various 
plants and as a major product of carbohydrate metabolism by many molds. 
A recent investigation in our laboratory revealed that oxalic acid was pro- 
duced from oxalacetic acid by an enzyme system which was isolated from 
the mycelia of Aspergillus niger (1). It was also demonstrated that oxalic 
acid was converted to formic acid and CO: by an enzyme isolated from a 
soil bacterium (2). The latter reaction proceeded anaerobically and re- 
quired ATP,' CoA, Mgt*, ThPP, and acetate. 

The present communication is concerned with the purification and prop- 
erties of an enzyme which is obtained from the mycelia of a wood-destroy- 
ing fungus, Collyvia vellipes. This enzyme catalyzes the decarboxylation 
of oxalic acid with the formation of stoichiometric quantities of formic 
acid and carbon dioxide as follows: 


COOH 
— HCOOH + COs, 
COOH 


In contrast to the oxalic decarboxylase of a soil bacterium, however, 
the enzyme from C. velti/pes does not show a requirement for any of the 
cofactors mentioned above. Instead, it requires a small amount of oxy- 
gen, although the over-all reaction does not stoichiometrically utilize oxy- 
gen. Preliminary reports of this work have been published (3, 4). 


EXPERIMENTAL 


Manometric Method—-COz was determined by a conventional Warburg 
technique at 37°. Unless otherwise specified, the reaction was measured 
in an atmosphere of air with a 2 ml. reaction mixture containing 400 umoles 
of potassium citrate and 10 umoles of potassium oxalate at pH 3.0. The 
reaction was started by the addition of the enzyme. 1 unit of activity 
was expressed as the amount of enzyme which causes the evolution of 


* Present address, Department of Organic Chemistry and Enzymology, Fordham 
University, New York. 

' The following abbreviations are used throughout this report: ATP, adenosine 
triphosphate; CoA, coenzyme A; ThPP, thiamine pyrophosphate; DPN, diphos- 
phopyridine nucleotide; TPN, triphosphopyridine nucleotide. 
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1 umole of CO2 in a 1 hour period, and the specific activity was expressed 
in units per mg. of protein. Protein was determined by the phenol method 
(5). 

Anaerobic experiments were carried out as follows: 9 ml. of a water solu- 
tion, pH 3.0, containing 50 ymoles of potassium oxalate, and 2 mmoles of 
potassium citrate were saturated with helium gas? which had been passed 
through chromous chloride solution.’ A 1.8 ml. aliquot of this solution 
containing 10 wmoles of oxalate and 400 umoles of citrate was placed in 
the main compartment of stoppered manometer flasks in which air had 
previously been replaced by helium. The enzyme solution and the other 
chemicals were added to the side arms of the manometer flask while it was 
being flushed with helium. Then the flasks were attached to the manome- 


ter and helium was passed through the entire manometer space for 10 | 


minutes with shaking. 


Spectrophotometric Assay—In order to determine the rate of the reaction | 
with minute quantities of the substrate, the disappearance of oxalic acid — 
was followed by determining at 25° the absorption at 220 or 230 my ina _ 
Beckman model DU spectrophotometer with quartz cells having a 1 cm. | 
light path. 50 wmoles of phosphate buffer, pH 3.0, were used in a total — 
volume of 1.0 ml. with 1 umole of oxalate and enzyme. Fig. 1 shows the | 


ultraviolet absorption spectrum of oxalic acid at pH 3.0. 


Determinations—Formic acid was determined by an unpublished method | 


of J. C. Rabinowitz.4 In the presence of ATP, formic acid, and an enzyme 
from Clostridium cylindrosporum, tetrahydrofolic acid is stoichiometrically 
converted to N!°-formyltetrahydrofolic acid. The reaction can be deter- 
mined by the increase in absorption at 356 my. The incubation mixture 
(1.0 ml.) contained the following components, expressed in micromoles: 
maleate buffer, pH 7.0, 25; FeSO, , 0.5; MgClse, 20; mercaptoethanol, 2.5; 
tetrahydrofolic acid, 1; ATP, 2. The mixture was incubated at 37° for 
3 minutes; 0.1 ml. of a partially purified enzyme preparation of C. cylindro- 
sporum was then added and incubation continued for 10 more minutes. 
1 ml. of 5 per cent perchloric acid was then added, and the supernatant 
solution was used for the spectrophotometric determination. 

Growth Conditions and Preparation of Crude Extract—C. veltipes (strain 
S) was grown on the surface of a medium containing 5 per cent dextrose, 
1 per cent peptone, 0.1 per cent KH2PQO,, 0.05 per cent MgSO,-7H.0, 
and 1 per cent Difco malt extract at pH 5.2. The medium (200 ml.) was 


2 Grade A helium gas was obtained from the Bureau of Mines, Department of 
Interior, and was reported to contain less than 0.002 per cent (by volume) oxygen. 

3 Oxsorbent, chromous chloride solution, Burrell Corporation, Pittsburgh, Penn- 
sylvania. 

4 We wish to express our gratitude for the kind collaboration of Dr. J. C. Rabino- 
witz in carrying out the formic acid assay with us. 
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placed in Blake bottles of 1 liter capacity and incubated at 25°. About 
25 days after inoculation, the reaction of the medium was brought to about 
pH 3.0 by the addition of about 2.5 mmoles of oxalic acid to each culture 
flask. The mycelia were harvested 2 to 3 days after the addition of oxalic 
acid. The culture medium was removed by filtration through a double 
layer of cheesecloth, and the mycelial pad was washed twice with cold dis- 
tilled water and stored at —20°. 

50 gm. of frozen mycelia were ground in a Waring blendor for 3 minutes 
with about 10 gm. of crushed dry ice, and the fine powder was extracted 
with approximately 150 ml. of 0.1 M potassium citrate buffer, pH 3.2, for 
10 minutes at 4° with constant mechanical shaking. The suspension was 


1 H i 
| 


OPTICAL DENSITY 


l 


210 230 250 270 290 310 
WAVE LENGTH (Mp) 

Fig. 1. Absorption spectrum of oxalic acid at pH 3.0 and 0.01 m 


centrifuged at 10,000 X g for 20 minutes at 0-2°. The supernatant solu- 
tion thus obtained (crude extract) usually contained about 1.5 to 2.0 mg. 
of protein per ml. 

Material—Crystalline catalase was obtained from the Worthington 
Biochemical Corporation. a-Ketomalonate is a product of the H. M. 
Chemical Company, Ltd. 


Results 


Purification of Enzyme—All the manipulations were carried out at ap- 
proximately 3°. Cold acetone (500 ml.) was added dropwise to 1000 ml. 
of crude extract with constant mechanical stirring. The precipitate was 
removed by centrifugation, and the precipitate formed upon further addi- 
tion of 500 ml. of acetone was dissolved in about 30 ml. of 0.1 m potassium 
acetate buffer at pH 4.5 (first acetone fraction). 
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The first acetone fraction was dialyzed for 12 hours against 100 volumes 
of 0.02 m potassium acetate buffer at pH 4.5, and a small amount of 
precipitate formed during the dialysis was removed by centrifugation. 
To 10 ml. of the supernatant solution were added 6.8 ml. of cold acetone 


dropwise with constant mechanical stirring. The precipitate was removed | 


by centrifugation, and 3.2 ml. of cold acetone were added to the supernatant 


fluid in the same manner. The precipitate thus formed was collected by — 


centrifugation and was dissolved in 2 ml. of 0.1 M potassium acetate buffer 
at pH 4.5 (second acetone fraction). 
The second step was repeated with the second acetone fraction, and the 


final preparation was dissolved in the same buffer (third acetone fraction). — 


The result of a typical purification is shown in Table I. Approximately 


400-fold purification was achieved with an over-all yield of about 35 per | 


 TaBLe I 
Purification of Ozalic Acid Decarbozylase 
20 liters of culture (500 gm. of wet mycelium). 


Step Toul | unite | Total | Specie | vit 
ml. mg. per cent 
1600 | 30,720 | 3840 8 | 100 
Ist acetone fraction (33-50%)........... 50 | 22,100; 110 200 72 
2nd acetone fraction (40-50%).......... 10 | 12,700 5 2530 41.5 
3rd - ws (40-50%).......... 10 | 10,900 3.4 | 3166 35.5 


cent. The specific activity of crude extracts varied from 8 to 73 among 


the six different batches, but the specific activities of the final preparations | 


were almost identical and ranged from 3166 to 4040. 

Stoichiometry and Cofactor Requirement—When 10 umoles of oxalic acid 
were incubated under standard assay conditions in the Warburg manome- 
ter flask, 9.8 umoles of CO» were produced and no measurable oxygen con- 
sumption was observed. After the reaction was over, the incubation mix- 
ture was removed from the flask and an aliquot was used for determination 
of formic acid; 10.3 umoles of formic acid were produced. This result indi- 
cated that the over-all reaction was a stoichiometric decarboxylation of 
oxalic acid to form formic acid and COs, and therefore it appeared to be 
identical with the enzymatic reaction previously described by Jakoby, 
Ohmura, and Hayaishi (2). 

However, when the purified enzyme was dialyzed against cold distilled 
water for several days, there was little loss of activity, and the addition 
of CoA, ATP, Mgt, acetate, or cocarboxylase, alone or in combination, 
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did not show any stimulation. When the enzyme was treated with Dowex 
1 formate, the rate of the reaction was reduced to about 20 per cent of the 
original. However, the addition of either boiled crude extracts or ATP, 
CoA, Mg", acetate, and cocarboxylase did not increase activity. 

These observations suggested to us that either the cofactors. were bound 
extremely tightly to the enzyme protein or that the properties of the Col- 
lyia enzyme were different from those of the one previously described 
from a soil bacterium. 
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Fig. 2. Effect of oxygen on the rate of enzymatic decarboxylation of oxalate. 
The incubation mixture contained, in 2.0 ml., 0.024 mg. of enzyme protein (second 
acetone fraction), 10 uwmoles of potassium oxalate, and 400 uwmoles of potassium ci- 
trate buffer, pH 3.2. The branched side arm contained 10 units of catalase in one 
end and 2, 0.5, or 0.2 umole of H2,O2 and 3 uwmoles of potassium phosphate buffer, pH 
7.0, in a total volume of 0.3 ml. in the other end; temperature, 37°. The values were 
corrected for oxygen evolution. 

Fic. 3. Effect of quinone and hydroquinone on the rate of enzymatic decarboxyla- 
tion of oxalate. The incubation mixture contained 0.024 mg. of enzyme protein 
(second acetone fraction), 10 uzmoles of potassium oxalate, and 400 uwmoles of potas- 
sium citrate buffer at pH 3.2. Air was introduced at 90 minutes and exact readings 
were started at 105 minutes. 


Effect of Oxygen on Rate of Reaction—It was previously observed that 
this reaction did not proceed under strictly anaerobic conditions and that 
introduction of air into the manometer flasks restored the activity to the 
original level (3). As shown in Fig. 2, when the atmosphere was com- 
pletely replaced by the helium gas (see under ‘‘Methods’’), the gas pro- 
duction was almost negligible. In confirmation of the previously re- 
ported results, when air was introduced into the gaseous phase, the reaction 
proceeded immediately. In order to test whether oxygen is needed for 
the reaction, and how much oxygen is needed to restore 100 per cent activ- 
ity, various amounts of oxygen were evolved in the manometer flasks as 
follows: A double side arm manometer flask was employed, one of the side 
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arms of which had two reservoirs (American Instrument Company, Inc., 
catalogue No. 5-224). In one of these, 10 units of catalase were placed, 
and various amounts of hydrogen peroxide were placed in the other reser- 


voir. Usually the reaction was started by tipping in the oxalate solution © 
from one side arm, and gas production was followed for about 30 minutes 


to make sure that the rate of the reaction was almost negligible. Then 
the catalase and HO. were mixed in the branched side arm so that a known 
amount of oxygen was liberated in the manometer gas phase. As shown 
in Fig. 2, about 1 wmole of oxygen was necessary to restore the complete 
activity. With 0.25 umole of oxygen the effect was about one-fourth, and 


with 0.1 umole of oxygen stimulation was about 10 per cent, of that ob- — 


served with 1 wmole of oxygen. In the absence of oxygen the enzyme 
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Fic. 4. Heat stability of oxalic decarboxylase at various pH levels. The enzyme 
solution (first acetone fraction) containing approximately 2 mg. of protein per ml. 
was heated at 78° for 10 minutes, cooled, and assayed with the standard assay system. 
The pH was adjusted by the cautious addition of n KOH and H.SQ,. 


appears to be completely stable, and even after 5 hours incubation the | 


enzyme showed the original level of activity, once air was introduced. 


The requirement for oxygen was strictly specific and could not be re-— 


placed by any of the following compounds at concentrations of 0.01, 0.001, 
or 0.0001 m: H2O2, paraquinone, 2-methyl-1,4-naphthoquinone, flavin 
adenine dinucleotide, flavin mononucleotide, DPN, TPN, KNO;, and 
cytochrome c. Hydroquinone and quinone exhibited no effect under ana- 
erobic conditions, but when the air was introduced quinone exhibited a 
marked inhibition, as shown in Fig. 3, whereas hydroquinone stimulated 
the reaction by 60 to 100 per cent. Certain other reducing agents, such 
as catechol, ascorbic acid, and FeSO, showed some stimulating effect, but 
glutathione, cysteine, or cystine had no effect at 10-* and m. Chelat- 
ing agentssuch as ethylenediaminetetraacetic acid, KCN, anda,a’-dipyridy] 
(10-* or 10-4 m) had no effect, nor did p-chloromercuribenzoate (10-4 m) 
have any inhibitory action on the most purified enzyme preparation. 
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Stability—Crude enzyme solutions at various pH values were prepared 
by the cautious addition of HCl or KOH and heated at 78° for 10 minutes. 
The activity of these solutions was tested by the manometric technique. 
The enzyme lost only about 5 per cent of the activity at pH 4.0, but lost 
almost 90 per cent at pH 2.0 and 7.0 (Fig. 4). The crude enzyme prepa- 
ration of pH 4.3 did not show any decrease in activity after storage at 0° 
for 45 days. 

Influence of pH and Substrate Concentration—Maximal activity for the 
decarboxylation was observed in the range of pH 2.5 to 4.0 (Fig. 5). The 
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Fic. 5. Effect of pH on therate of thereaction. Thereaction mixture contained 50 
umoles of potassium phosphate buffer, pH 3.0, 0.014 mg. of enzyme protein (second 
acetone fraction), and 1 wmole of potassium oxalate in a total volume of 1.0 ml. 
Optical density measurements were taken at 220 my in a Beckman DU spectropho- 
tometer for 3 minutes at 27°. The amounts of oxalate decomposed were calculated 
from the optical density of oxalate at each pH. 

Fic. 6. The rate of enzymatic decarboxylation as a function of substrate concen- 
tration (@). The conditions described in Fig. 4. Optical density was determined at 
220 my or 230 mu depending on the concentration of the substrate. The right-hand 
ordinate scale refers to a Lineweaver-Burk plot (6) of substrate concentration divided 
by velocity (S/V) as a function of substrate concentration (O). 


influence of varying concentrations of the substrate is illustrated in Fig. 6. 
The apparent dissociation constant (K,,) of the enzyme and substrate is 
approximately 2.05 X m. 

Substrate Specificity—Oxalic acid was the only substrate found to be 
decarboxylated by the purified enzyme preparation. Pyruvic, malonic, 
succinic, glycolic, citric, malic, a-ketomalonic, oxalacetic, and formic acids 
were all inactive. The rigid specificity of this enzyme makes it an excel- 
lent tool for the specific and quantitative determination of oxalic acid. 


DISCUSSION 


It appears that there are at least three different enzymes which decar- 
boxylate oxalic acid in nature. In higher green plants (6) and mosses 


C., 
ad, | 

on 

es 

en 

n 
wn 
ete 
nd 
yb- 

e 
me 
ml, 

he 
re- 
D1, 

in 

nd 

a- 

a 

| 

ch 

ut 
at- | 

yl 


158 ENZYMATIC OXALATE DECARBOXYLATION 


(7), oxalate is metabolized by an oxidative process yielding CO: and hy- 
drogen peroxide. Flavin derivatives appeared to be involved in this reac- 
tion (8). In a soil bacterium (2), oxalate is decarboxylated under ana- 


erobic conditions in the presence of ATP, CoA, Mg”, cocarboxylase, and — 


acetate. This type of reaction appears to be commonly found in nature, 
since enzymes from Neurospora crassa® and Torula utilis® were found to 
be stimulated by the addition of CoA and ATP. In the so called white 
rot fungi (3), which do not accumulate oxalate in the acidic culture media, 
the third, oxygen-dependent type of oxalic decarboxylase was found. 


The evidence presented in this communication indicates that oxalic acid 


decarboxylase from C. veltipes is different from the enzyme isolated pre- | 


viously from a soil bacterium in its cofactor requirements, pH optimum, — 
and other properties. The peculiar requirement for oxygen has not been | 
explained. Under anaerobic conditions, none of the oxidizing agents so | 
far tested satisfied the requirement for oxygen. However, under aerobic | 
conditions, these oxidizing agents, such as H.O» or paraquinone, usually — 


inhibited the enzyme. Certain reducing agents, such as ascorbic acid, 
hydroquinone, FeSQ,, and catechol, stimulated the reaction in the pres- 
ence of oxygen. 

Since the oxidative decarboxylation of oxalic acid in higher green plants 
and mosses was shown to yield H2O2 (Equation 1), it was postulated that 
H2O2 might be reducing oxalic acid to form formic acid and oxygen in the 
Collyvia enzyme system (Equation 2). The net reaction (Equation 3) is 
the anaerobic decarboxylation of oxalate to produce stoichiometric quanti- 
ties of formate and COs, but oxygen was needed only in a catalytic quan- 
tity. 


(1) COOH 
| + O2 — + H202 
COOH 
(2) COOH 
| + H202 — 2HCOOH + Os 
COOH 
(3) COOH 
2 | — 2CO. + 2HCOOH 
COOH 


However, when H»O2 was added directly or generated in situ by glucose 
and notatin under anaerobic conditions, it did not replace oxygen. The 
addition of catalase or catalase with ethanol did not inhibit the enzyme 
activity under aerobic conditions. Therefore, involvement of hydrogen 


’ Unpublished observation by Yuichi Yamamura. 
6 Unpublished observation by Yoshitaka Saito. 
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peroxide did not appear likely, although this hypothesis could not be ruled 
out completely. 


SUMMARY 


Oxalic decarboxylase from Collyvia veltipes was purified about 400-fold 
with an over-all yield of about 35 per cent. The enzyme is most active at 
pH 3.0 and most stable at pH 4.5. It acts specifically on oxalic acid and 
produces stoichiometric quantities of COz and formic acid. In contrast 
to the previously reported oxalate decarboxylase from a soil bacterium, 
this enzyme does not show any requirement for adenosine triphosphate, 
coenzyme A, cocarboxylase, acetate, or Mg ion. However, it is active 
only in the presence of small amounts of oxygen, although the over-all 
reaction does not involve net oxidation. 
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N-FORMIMINO-1t-ASPARTIC ACID AS AN INTERMEDIATE 
IN THE ENZYMATIC CONVERSION OF IMIDAZOLE- 
ACETIC ACID TO FORMYLASPARTIC ACID* 


By OSAMU HAYAISHI,f HERBERT TABOR, ann TAKIKO HAYAISHI 


(From the Department of Microbiology, Washington University School of Medicine, 
St. Louis, Missouri, and the National Institute of Arthritis and Metabolic 
Diseases, National Institutes of Health, Bethesda, Maryland) 


(Received for publication, January 2, 1957) 


In earlier communications (1, 2) we have described the conversion of 
imidazoleacetic acid! to formylaspartic acid by a partially purified enzyme 
preparation obtained from a pseudomonad grown on ImAA. This reac- 
tion required DPNH and oxygen, as shown in Reaction 1. 


(1) ImAA + DPNH + H* + O, + H.O — FA + NH; + DPN 


The present communication is concerned with the further purification 
of the enzyme system and with the identification of N-formimino-L-aspartic 
acid as an intermediate compound in Reaction 1. Separate enzymes, 
ImAA oxidase and FIA hydrolase, which have been purified, carry out 
Reactions 2 and 3, respectively. 


(2) ImAA + DPNH + H* + O.-— FIA + DPN 
(3) FIA + H.O — FA + NH; 
Methods 


Materials—ImAA was prepared in collaboration with Dr. Hugo Bauer 
by the alkaline hydrolysis of imidazoleacetonitrile; the latter was obtained 
by the treatment of histidine with sodium hypochlorite (3). C'-Carboxyl- 
labeled ImAA was obtained by the same method by starting with com- 
mercial a-C'4-pL-histidine. 

FIA was synthesized by a modification of the formiminoalanine prepa- 


* This investigation was supported in part by a research grant (No. G-3727) from 
the National Institutes of Health, United States Department of Health, Education, 
and Welfare. 

t Present address, National Institute of Arthritis and Metabolic Diseases, Na- 


| tional Institutes of Health, Bethesda 14, Maryland. 


1The following abbreviations are used throughout the paper: ImAA, £-(imi- 
dazolyl-4(5))-acetic acid; FIA, N-formiminoaspartic acid (formamidinosuccinic 


_ acid); FA, formylaspartic acid; DPN, diphosphopyridine nucleotide; TPN, triphos- 
_ phopyridine nucleotide; DPNH, reduced DPN; TPNH, reduced TPN; Tris, tris- 
_ (hydroxymethyl)aminomethane; EDTA, ethylenediaminetetraacetic acid; PCMB, 


p-chloromercuribenzoate. 
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ration of Micheel and Flitsch (4), which involves the condensation of for- 
mamidine and aspartic acid in formamide. Formamidine hydrochloride 
was prepared by the reductive desulfurization of thiourea with Raney 
nickel according to Brown (5). To prepare FIA, 1.6 gm. (20 mmoles) of 
formamidine hydrochloride, 3 gm. (11 mmoles) of Ag2zCO;, 1.33 gm. (10 
mmoles) of L-aspartic acid, and 5 ml. of redistilled formamide were vig- 
orously stirred for 36 hours at room temperature in a 50 ml. round bot- 
tomed flask, stoppered with a CaCl; tube. The mixture was then placed 
in vacuo for } hour to remove most of the dissolved COs, treated with 100 
ml. of 0.06 N HCl, and filtered. The FIA in the filtrate was adsorbed on 
a Dowex | acetate column (8 to 10 per cent cross-linked, 200 to 400 mesh, 
4.5 sq.cm. X 18 em.) and eluted by gradient elution (0.3 N acetic acid was 
added to a mixing reservoir containing 250 ml. of H2O); it appeared in the 
250 to 450 ml. fraction, and was detected by the alkaline ferricyanide- 
nitroprusside color test of Rabinowitz and Pricer (6). Free aspartic acid 
was eluted in the succeeding fractions and was most easily detected by 
paper chromatography of aliquots (see below). After evaporation of the 
ILA fractions in vacuo, 1.1 gm. (69 per cent yield, based on aspartic acid) 
of crystalline FIA were obtained. This material was then recrystallized 
from warm 50 per cent ethanol; m.p. 190-198° (with decomposition). 


Calculated. C 37.50, H 5.05, N 17.50 
Found. ** 37.45, 4.93, 17.28 


Titration of 0.05 to 0.1 mM solutions indicated that pKX,’, pK2’, and pK,’ 
were approximately 2.2, 4.1, and 11.6. FIA is stable for long periods (at 
least several months) at room temperature in 6 N HCl, 0.1 n HCl, 0.1 N 
acetic acid, 0.1 mM acetate buffer, pH 4, and 0.2 m potassium phosphate 
buffer, pH 7.2. It has a half life at room temperature of approximately 
40 hours in 0.05 m sodium borate, pH 9.2, 70 minutes at pH 10.8, 20 min- 
utes at pH 11.5, and 10 minutes in 1 nN KOH. After hydrolysis in 0.1 n 
NaOH, no FIA could be detected, and 1 equivalent each of L-aspartic 
acid, formic acid, and ammonia was produced. In ¢tert-butanol 70, formic 
acid 15, HeO 15 (7) solvent with Whatman No. 1 paper, FIA moved with 
an R, of 0.48; a small impurity of aspartic acid (0.1 per cent) could be 
detected with an Ry of 0.32. FA was synthesized according to Tabor and 
Mehler (8). Formiminoglycine was kindly furnished by Dr. J. C. Rabino- 
witz. 5-Carboxymethylhydantoin was a gift from Dr. I. Lieberman. 

Glucose dehydrogenase was purified from beef liver (9) and contained 
3.8 mg. of protein (3020 units) per ml. Crystalline catalase was obtained 
from the Worthington Biochemical Corporation. DPN, TPN, DPNH, 
TPNH, and glucose oxidase (notatin) were obtained from the Sigma Chem- 
ical Company. 
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Determinations—Protein was determined by the phenol method (10), 
aspartic acid was measured with aspartic decarboxylase (11), and formate 
was measured by a manometric procedure (12). Ammonia was deter- 
mined by an unpublished method of S. M. Rosenthal. A sample con- 
taining 0.2 to 1 wmole of ammonia was placed on an XE-64 K* column 
(2 cm. X 1 sq. em.), and the column was washed twice with about 4 ml. of 
water with pressure. This procedure washed out all the FIA, which re- 
acts slowly with the alkaline Nessler’s reagent. The column was then 
eluted with 2.5 ml. of 0.2 Nn NaOH, followed by 0.5 ml. of water. The 
amount of ammonia in the eluate was then determined by direct nessleriza- 
tion with 0.2 ml. of an alkali-free Nessler’s reagent. 

Whatman No. 3 MM paper was used for paper chromatography, which 
was carried out by a descending technique at room temperature with the 
solvent systems described in the text. Aspartic acid was detected on the 
chromatograms by a ninhydrin spray and heating at 90° for 5 minutes. 
FIA and FA were rendered visible with ninhydrin after exposure of the 
paper to NH; and HCl vapor, respectively, for several hours. FIA was 
also rendered visible by the alkaline ferricyanide-nitroprusside reagent 
(6) and FA by the chlorine method (13). Ion exchange chromatography 
was carried out on Dowex 50 (2 per cent cross-linked, 200 to 400 mesh, 
hydrogen form) and Dowex 1 (2 per cent cross-linked, 200 to 400 mesh, 
acetate form) columns. C*-containing samples were plated as thin layers 
on metal disks and measured in a gas flow counter. 


Enzyme Assay 


ImAA Oxidase—The standard assay system contained the following 
components, expressed in micromoles, in a total volume of 1 ml.: Tris 
buffer, pH 9.0, 10, ImAA 5, DPNH 0.2, and enzyme. The reaction was 
started by the addition of enzyme, and the decrease of absorption at 340 
mu was measured at 30 second intervals over 5 minutes at 25° in a Beck- 
man model DU spectrophotometer with cells having 1 cm. light path. A 
unit of enzyme was defined as the amount oxidizing 1 umole of DPNH dur- 
ing a 1 hour period under these conditions, and the specific activity was 
defined as units per mg. of protein. Correction for DPNH oxidase activ- 
ity as measured in controls without ImAA was made when crude enzyme 
preparations were employed. 

FIA Hydrolase—F¥1A was determined according to the method described 
by Rabinowitz and Pricer for the determination of formiminoglycine (6). 
This standard assay system for the enzyme activity contained, in 0.5 ml., 
4 umoles of FIA, 50 umoles of Tris buffer, pH 9.0, and enzyme protein. 
Incubation was carried out in 3 ml. Beckman cuvettes with a 1 cm. light 
path at 25°, and, after 15 minutes, 2.0 ml. of saturated sodium borate 
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solution were added to stop the reaction. This was followed by the addi- 
tion of 0.5 ml. of the alkaline ferricyanide-nitroprusside reagent, and the 
optical density was determined at 500 my after 30 minutes at 25°. 1 
umole of FIA gave an optical density of approximately 0.500. A unit of 
enzyme is defined as the amount hydrolyzing 1 umole of FIA in 1 hour, 
calculated from the disappearance of FIA during 15 minutes. The specific 
activity is defined as units of enzyme per mg. of protein. 

The intensity of the color obtained with FIA in this procedure is varia- 
ble, depending on the concentration and kind of salts present. For ex- 
ample, 50 umoles of Tris buffer, under the standard assay conditions, gave 
no color development by itself, but intensified the color development with 
FIA by approximately 20 per cent. 

Growth Conditions and Preparation of Crude Extracts—Pseudomonas sp. 
(ATCC 11299B)? was grown with shaking in a 6 liter Erlenmeyer flask 
containing 1 liter of medium. The medium contained 1.5 gm. of K2HPO,, 
0.5 gm. of KH2PQO,, 0.2 gm. of MgSO,-7H2O, 1.0 gm. of ImAA hydro- 
chloride, and 1.0 gm. of Difco yeast extract per liter of distilled water. 
The pH was adjusted to 7.0 with 1 n KOH. 

Growth was allowed to proceed at 25° for 18 hours, and the cells were 
then harvested by centrifugation and washed. The yield of cells was ap- 
proximately 2.0 gm. of wet weight per liter of medium. Cell-free extracts 
were prepared by grinding the cells with alumina (Alcoa A-301) (14) and 
extracting with 20 volumes of 0.02 m potassium phosphate buffer, pH 7.0. 
Crude extracts usually contained approximately 3.4 mg. of protein per ml., 
and the specific activity of _ ImAA oxidase varied between 5 and 10. 


Results 
ImAA Oxidase 

Enzyme Purification—To 100 ml. of the crude extracts were added 50 
ml. of a 1 per cent solution of protamine sulfate (Eli Lilly and Company), 
and the precipitate was removed by centrifugation (protamine supernatant 
fraction). 

To 100 ml. of the protamine supernatant fraction was added sufficient 
calcium phosphate gel (15) to adsorb 90 to 100 per cent of the enzyme 
activity. Usually 10 ml. (165 mg., dry weight) were required. After 
10 minutes, the mixture was centrifuged and the supernatant fluid was 
discarded. The gel was washed once with 20 ml. of 0.04 m potassium 
phosphate buffer, pH 7.0, and then the enzyme was eluted from the pre- 


2 Pseudomonas sp. ATCC 11299 contains two colony types. A large, flat and 
smooth colony, A, and a small and elevated type, B, were distinguished only by the 
colony appearance. No difference has been detected between the two colony types 
in their enzymatic or biochemical behavior. 
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cipitate with two batches of 20 ml. each of 0.2 m potassium phosphate buffer, 
pH 7.0 (calcium phosphate gel fraction I). 

The eluates were combined and passed through a Dowex 1 formate 
column (1 sq.em. X 12 cm.) at 4° in order to replace phosphate ions by 
formate ions. Sufficient aluminum hydroxide gel Cy (16) (usually about 
14 ml., containing 260 mg. of solids per 70 ml. of the protein solution) was 
added to adsorb most of the enzyme activity. The precipitate was col- 
lected after 10 minutes and washed once with 20 ml. of 0.005 m potassium 
phosphate buffer, pH 7.0. The enzyme was then eluted successively with 
20 ml. of 0.01 mM potassium phosphate buffer, pH 7.0, and two portions of 
20 ml. of 0.02 mM potassium phosphate buffer, pH 7.0 (aluminum hydrox- 
ide gel fraction I). 

The three fractions were combined and passed through a short Dowex 1 
formate column (2 cm. X 1 sq.cm.) at 4°. Sufficient calcium phosphate 
gel (usually 6 ml. per 60 ml. of the protein solution) was added to adsorb 
most of the activity. The gel was washed with 12 ml. of 0.02 m potassium 
phosphate buffer, pH 7.0, then eluted successively with two portions of 
12 ml. each of 0.1 M potassium phosphate buffer, pH 7.0 (calcium phos- 
phate gel fraction II). 

The combined eluates were passed through a Dowex 1 formate column 
(5em. X 1 sq.cm.) and to the enzyme solution (25 ml.) were added 2.5 ml. 
of the aluminum hydroxide gel suspension. After 10 minutes the gel was 
centrifuged, washed once with 10 ml. of 0.005 m potassium phosphate 
buffer, pH 7.0, and then the enzyme was eluted twice with 10 ml. each of 
0.01 m potassium phosphate buffer, pH 7.0 (aluminum hydroxide gel frac- 
tion II). 

The combined eluates were passed through Dowex 1 formate column 
(2 cm. X 1 sq.cm.), and then the calcium phosphate gel treatment was 
carried out as before. The enzyme was eluted successively with 5 ml. 
portions of 0.02 m and 0.04 m potassium phosphate buffer, pH 7.0. A 
typical result is shown in Table I. Approximately 220-fold purification 
was achieved with about 18 per cent yield. Calcium phosphate gel frac- 
tion III was free from detectable DPNH oxidase activity but still con- 
tained a trace of FIA hydrolase. 

Isolation and Identification of FI[A—Accumulation of an unidentified 
compound during the oxidation of ImAA by a partly purified enzyme 
preparation was noted previously (2). With more purified enzyme prepa- 
rations it was possible to accumulate this compound in sufficient amounts 
for isolation. The reaction mixture (10 ml.) contained 1000 umoles of 
Tris buffer, pH 8.9, 1000 umoles of p-glucose, 3 umoles of DPN, 25 umoles 
of carboxyl-labeled ImAA (95,000 c.p.m.), 0.2 ml. of glucose dehydro- 
genase, and about 20 units of aluminum hydroxide gel fraction I. Incu- 
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bation was carried out in a 150 ml. Erlenmeyer flask which was shaken 
gently on a reciprocal shaker. After 45 minutes at 25°, the reaction was 
stopped by the addition of 0.5 ml. of 70 per cent perchloric acid, and the 
precipitate was removed by centrifugation. The supernatant solution 
was then placed on a Dowex 50 hydrogen form column (10 cm. X 1 sq.cm.), 


TABLE I 
Purification of ImAA Enzyme 
Enzyme fraction Total units Specific activity 
Protamine supernatant............... 1200 94 8.0 
Calcium phosphate gel I............. 1140 89 63.0 
Aluminum hydroxide gel I............ 860 67 167.0 
Calcium phosphate ‘ II........... 745 58 201.0 
Aluminum hydroxide “ II........... 485 38 785.0 
Calcium phosphate ‘“ III.......... 230 18 1423.0 
ELUENT | O.5N HCI 


RESIN BED VOLUMES 
Fic. 1. Ion exchange chromatogram. Conditions as described in the text. The 
total recovery of the radioactivity was 81.8 per cent. : 


washed with water, and eluted with 0.5 n HCl. As shown in Fig. 1, ap- 
proximately 15 per cent of the radioactivity came through the column 
when it was washed with water. This fraction contained FA, as pre- 
viously reported (1, 2). 

The second peak appeared between 7 and 11 resin bed volumes; these 
fractions were pooled and condensed in vacuo at 25° with a flash evaporator. 
This fraction usually represented about 40 to 60 per cent of the total radio- 
activity. The enzymatic synthesis of larger amounts of FIA proved difh- 
cult, due mainly to the rapid decrease in the reaction rate when the more 
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purified preparations were used. The last peak, which came out after 
15 resin bed volumes, contained the remaining ImAA. 

Samples of the second peak collected from ten flasks were pooled and 
dissolved in about 10 ml. of cold water, and the pH was cautiously ad- 
justed to about 6.0. This was chromatographed on a column of Dowex 1, 
acetate form (5cem. X 1 sq.em.), andeluted with2 N acetic acid. Theradio- 
active fractions which appeared as a single peak between 8 and 16 resin 
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Fic. 2. Infrared absorption spectra of synthetic and isolated FIA were made with 
suspensions in KBr with a Perkin-Elmer recording spectrophotometer. We are 
indebted to Mr. H. K. Miller for these measurements. 


bed volumes were combined, and water and acetic acid were removed by 
lyophilization. The white semicrystalline material weighed 11 mg. (yield, 
27.5 per cent). This material was dissolved in 0.5 ml. of water, and about 
2.0 ml. of absolute alcohol were added. Upon standing at 4° overnight, 
6 mg. of crystals were obtained. 

The identity of this material with the synthetic FIA was established by 
the following criteria: (1) elementary analysis: CsHsN2O,. Calculated, 
C 37.50, H 5.01, N 17.50; found, C 37.45, H 5.05, N 17.14. (2) Infrared 
spectra, as shown in Fig. 2. (3) Rr values, two different solvent systems 
being used (Table II). (4) Both synthetic and isolated products started 
to darken at about 162° when heated slowly on a Kofler block, and melted 
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at 190-198° with decomposition. (5) When treated with the sodium bo- 


rate and ferricyanide-nitroprusside reagent, the time-course of the develop. | 


ment and the spectrum of the color were identical (Fig. 3). 


TABLE II 
Rp Values of FIA, FA, and Aspartic Acid 


Solvent system 
tert-Butanol-formic 77 per cent 
0.65 ~ 0.66 | 0.51 ~ 0.53 
0.1 n NaOH, 100°, 5 min......... 0.33 0.27 
«hydrolysis by FIA hydrolase..... 0.65 0.53 
1.5 (a) 1 (B) if 1 
> 
= 
HA 
a 
O 
05 - 


30 60 90 480 520 560 
MINUTES WAVELENGTH my 


Fig. 3. Time-course of color development and spectra of FIA when treated with 
alkaline ferricyanide-nitroprusside reagent. Conditions as described in the text. 
A, optical density increase was determined at 500 mu. The amount of FIA was 2 
umoles; O, synthetic compound of FIA; A, isolated material. B, O, authentic com- 
pound of FIA; A, isolated material; @, formiminoglycine. 1 umole was used in 
each case. 


Alkaline hydrolysis (0.1 N NaOH, 100°, 5 minutes) resulted in the for- 
mation of free aspartic acid which was determined quantitatively by an 
enzymatic method (11). Since the enzyme reacts only with the L form, 
both the hydrolyzed aspartic acid and the original FIA had the tL con- 
figuration. 
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Specificity—TPNH does not replace DPNH. Imidazole, imidazole- 
lactic acid, histidine, urocanic acid, histamine, and 5-carboxymethylhy- 
dantoin were all completely inactive as substrates. Imidazolepropionic 
acid was about 3 per cent as active as ImAA, presumably vielding form- 
iminoglutamie acid as a product. 


0.3 F 
T T a 
4 
a 
> 
2 02 - 
WwW 
a Oo 
4 1 3 
ro) 
6.0 8.0 10.0 
MINUTES pH 
Fia. 4 Fic. 5 


Fig. 4. Stoichiometry and irreversibility. The reaction mixture (1.0 ml.) con- 
tained 100 uzmoles of Tris buffer, pH 9.0, 0.3 umole of DPNH, and 0.9 unit of enzyme 
(aluminum hydroxide gel fraction 1). 0.1 wmole of ImAA was added at zero time 
(indicated by arrow 1) and at arrow 2. At arrow 3, 0.5 wmole of FIA was added. 
At arrow 4, 50 uwmoles of glucose and glucose dehydrogenase (20 units) were added. 

Fic. 5. Rate of reaction as a function of pH. Standard assay conditions, except 
that phosphate buffer was used for pH 6.25, Tris buffer for pH 7.1, 7.9, 8.9, and 9.75, 
and glycine buffer for pH 9.9 and 10.2. 


Reversibility—When FIA was incubated with the enzyme and DPN, no 
reduction of DPN occurred either aerobically or anaerobically. Similarly, 
when radioactive FIA was incubated with ImAA, DPNH, and enzyme, 
no radioactivity was found in the remaining ImAA; Reaction 2 was there- 
fore practically irreversible. These observations are consistent with the 
stoichiometric relation between the oxidation of DPNH and the amount 
of ImAA added in the standard assay conditions (Fig. 4). This enzyme 
accordingly provides a convenient tool for the specific quantitative deter- 
mination of ImAA. 

Effect of pH and Substrate Concentration—Under the standard assay 
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conditions, maximal rates were obtained in the pH range 8.0 to 9.0 (Fig. 
5). The rate of DPNH oxidation in the presence of ImAA and the en- 
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Fic. 6. Rate of reaction as a function of substrate concentration.(@) The right- 
hand ordinate scale refers to a Lineweaver-Burk plot (O) of substrate concentration 
divided by velocity (s/v). 
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Fic. 7. Rate of reaction as a function of DPNH concentration.(O) The right- 
hand ordinate scale refers to a Lineweaver-Burk plot (@) of substrate concentration 
divided by velocity (s/v). 


zyme as a function of ImAA and DPNH concentration is shown in Figs. 
6 and 7. The K, values were found to be approximately 1.3 XX 107-* M 
for ImAA and about 0.8 X 10~-' mM for DPNH under standard assay con- 
ditions. 
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Effect of Inhibitors—In order to study the nature of the enzyme, the 
effect of several inhibitors was investigated (Table III). 

As p-chloromercuribenzoate inhibited the enzyme activity, the sulf- 
hydryl group is apparently essential for the activity. Metal ions (proba- 
bly copper ions) appear to be involved, since 8-hydroxyquinoline sulfonate 
and sodium diethyldithiocarbamate exerted marked inhibition. On the 


TABLE III 
Inhibition Experiment 
Standard assay system. The optical density change was determined for 2 min- 
utes. 


| 
Inhibitors Concentration, Inhibitors Concentration, ‘inhibin 
tion tion 
Sodium diethyldithiocar- 1X | 28 | Chel 330* 5 X 0 
bamate | | | | 
Sodium diethyldithiocar- 42  600T 5X 10-3 | 0 
bamate | | | | | 
Sodium diethyldithiocar-- 5 X 10% 64 Sodium oxalate 107? 
bamate | | | KCN 0 
Diphenylthiocarbazone | 2 X 0) Sodium azide | 5X 107; 
EDTA 10°? | fluoride 5 X 10°? | 0 
8-Hydroxyquinoline sul-| 107° 43. PCMB 10-5 | 
fonate | | | 
8-Hydroxyquinoline sul- | 2 X 10-3 100 | | 10-4 
fonate | | 
0-Phenanthroline | 5X10? | 18 Catalase 2.5 units | +20 
a,a-Dipyridyl 0 per ml. 


* Chel 330, cyclohexane-1,2-diaminetetraacetic acid. 

t Chel 600, diethylenetriaminepentaacetic acid. Samples of Chel 330 and 600 
were generously supplied by Mr. H. Kroll of the Geigy Chemical Corporation, 
Providence, Rhode Island. 


other hand, other chelating reagents, such as EDTA, KCN, etce., did not 
show any inhibition. 


FIA Hydrolase 


Adaptive Behavior of Pseudomonas Cells—The organism, which was grown 
in the presence of ImAA, could oxidize ImAA as well as FA and aspartic 
acid without a lag period, but non-adapted cells showed a considerable 
adaptive lag before oxidation took place (2). Both of these compounds 
were therefore implicated as intermediates of ImAA metabolism. How- 
ever, when oxygen uptake was determined by a suspension of ImAA- 
adapted cells with FIA as a substrate, the rate of oxidation was remark- 
ably low and there was little difference between ImAA-adapted cells and 
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cells grown with glucose and ammonium sulfate (Table IV). This low 
activity towards FIA, however, appears to be due to cell permeability, 
since, when the cells were broken by grinding with alumina and the ex- 
tracts were tested for FIA-degrading activity, extracts from non-adapted 
cells were practically inactive, whereas the specific activity of FIA hydro- 
lase from ImAA-adapted cells was even higher than that of ImAA oxidase 
under the conditions employed. 


TaBLE IV 
Adaptive Nature of Organism 

Experiment 1, each Warburg vessel contained, in 2.0 ml., 4 wmoles of substrate, 
100 zmoles of potassium phosphate buffer, pH 7.0, and about 1.0 mg. of cell material. 
The numbers represent the oxygen consumption during the first 30 minutes, cor- 
rected for endogenous oxidation expressed as microliters. Experiment 2, extracts 
were assayed with the standard assay method. The numbers represent specific 
activities. 


| Cell suspension, Experiment 1 Extracts, Experiment 2 
Substrate 
ImAA-adapted | Non-adapted | ImAA-adapted Non-adapted 
ne | 189 3 7.0 0.0 
| 6 1 | 31.0 | 0.0 
TABLE V 
Purification of FIA Hydrolase 
Fraction No. Total units Specific activity 

1 3830 31 

2 Protamine supernatant................. 3720 40 

3 Aluminum hydroxide gel eluate... .... | 1420 276 

4 Calcium phosphate “ “ ......... | 435 | 615 


Purification of FIA Hydrolase—All\ operations were carried out at 0-3°. — 


Crude extracts were prepared as described above. 

To 50 ml. of crude extract were added, with stirring, 10 ml. of a 1 per 
cent protamine solution (Eli Lilly and Company). After removal of the 
precipitate by centrifugation, cold water was added to the supernatant 
solution to make a total volume of 100 ml. 

The protamine supernatant fraction (100 ml.) was treated with 10 ml. 
of aluminum hydroxide gel Cy (18.3 mg. of solids per ml.). After 15 min- 
utes at 0°, the gel was collected by centrifugation and washed with 20 ml. 
of 0.04 M potassium phosphate buffer, pH 7.0, and then the enzyme was 
eluted with 20 ml. of 0.1 M potassium phosphate buffer, pH 7.2 (aluminum 
hydroxide gel eluate, Table V). 
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The aluminum hydroxide gel eluate (20 ml.) was diluted to 200 ml. with 
water, and then 10 ml. of calcium phosphate gel (16.5 mg. of solids per ml.) 
were added slowly with stirring. After 15 minutes at 0°, the gel was 
washed with 10 ml. of 0.02 m potassium phosphate buffer, pH 7.0, and then 
the enzyme was eluted with 10 ml. of 0.05 m potassium phosphate buffer, 
pH 7.0 (calcium phosphate gel eluate). 3 

The aluminum hydroxide gel eluate retained almost all the activity after 
being kept at —15° for a month. 

Isolation and Identification of FA—In order to obtain a sufficient amount 
of the product of FIA breakdown for positive identification, a large scale 
reaction was carried out with an incubation mixture containing 64 mg. 
(400 umoles) of FIA, 2 mmoles of Tris buffer, pH 9.0, and aluminum hy- 
droxide gel eluate (900 units) in a total volume of 20 ml. At intervals 
during incubation at 25°, aliquots of the reaction mixture were taken out 
and, after proper dilution, assayed for FIA disappearance. When FIA 
removal was complete (60 minutes), the incubation mixture was chilled 
to 0°, the pH was adjusted to 3.0 with n HCl, and the precipitated protein 
was discarded after centrifugation. The supernatant solution was then 
passed through a Dowex 50 (H+ form, 1 sq.cm. X 10 cm.) column. 

The Dowex-treated solution was neutralized carefully and was sub- 
jected to ion exchange chromatography on a column of Dowex 1 acetate 
(1 sq.em. X 10 cm.), and elution was carried out with 2 N acetic acid. Alli- 
quots (0.1 ml.) were taken out from each fraction, mixed with 0.1 ml. of 
2 n HCl, hydrolyzed at 100° for 10 minutes, and then assayed by the re- 
duced ninhydrin procedure of Moore and Stein (17) as employed by Tabor 
and Mehler for the isolation and identification of formylglutamic acid (8). 

The acid-labile ninhydrin-positive fraction was eluted from the column 
between 8 and 15 resin bed volumes of eluent, with a peak at 11. The 
combined fraction was lyophilized and the residue was extracted with 
about 10 ml. of ethanol. Insoluble material was removed by centrifuga- 
tion, and the supernatant fluid was condensed to about 2 ml. under re- 
duced pressure at a water bath temperature of 40-50°. Several volumes 
of benzene were added, and about 40 mg. of semicrystalline material, m.p. 
132°, were obtained. Recrystallization from hot acetone and benzene 
yielded 23 mg. of crystalline material. 

The enzymatic product was identified as FA on the basis of the following 
criteria: (1) identity of its infrared spectrum with that of the authentic 
compound (Fig. 8); (2) elementary analysis: C;H;O;N. Calculated, 
C 37.27, H 4.37, N 8.70; found, C 37.44, H 4.34, N 8.54; (3) melting point 
of isolated FA, 135-137°, that of the authentic FA, 135-137°, mixed m.p., 
135-137°; (4) identical chromatographic behavior on Dowex 1 and on 
paper. 

Stoichiometry—Balance studies were made with C-labeled FIA as a 
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substrate. The 6-carboxyl-labeled FIA was prepared enzymatically from 
C'*-carboxyl-labeled ImAA. The incubation mixture (0.8 ml.), contain- 
ing 6 uwmoles of FIA (2000 c.p.m.), 25 wmoles of Tris buffer, pH 9.0, and 
18 units of enzyme (aluminum hydroxide gel fraction), was incubated at 
25°. At zero time and after 10 and 20 minutes incubation, aliquots were 
removed and the amount of remaining FIA and ammonia was determined 
as described under ‘‘Methods.’”’ When the deproteinized reaction mixture 
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Fig. 8. Infrared absorption spectra of synthetic and isolated FA were made with 
suspensions in Nujol with a Perkin-Elmer recording spectrophotometer. We are 
indebted to Mr. W. Jones for the determination. 


was chromatographed on paper, only one spot appeared as a product of 
the reaction, which corresponded to FA in Ry values (Table II). The spot 
corresponding to FA was cut out, eluted with water, and radioactivity was 
counted. As shown in Table VI, the results indicate that the over-all reac- 
tion was the stoichiometric hydrolysis of FIA to yield FA and ammonia. 

Mechanism of Reaction—The following experiment demonstrated that 
the FA produced from FIA was not formed by a secondary reaction in- 
volving aspartic acid and formic acid. FIA degradation was carried out 
in the presence of radioactive aspartic acid and, when more than 90 per 
cent of FIA was converted to FA, the reaction mixture was deproteinized 
and chromatographed on paper. As shown in Fig. 9, radioactivity in the 
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aspartic acid was not incorporated into FA at all, indicating that free as- 
partic acid is not an intermediate in the enzymatic formation of FA from 
FIA. 


TABLE VI 
Balance Studies of FIA Hydrolase 
The conditions are as described in the text. 


Incubation | FIA | | NH | FA 


min. | umole | pmoles pumoles 
10 | —2.76 | +2.79 | +2.35 
20 | —5.03 | +4.95 | +4.92 
_ (A) 
ZERO TIME 
Qa a a 
200 i 
O AA FIA 
a 
O w 
OF 2 
Zz 
0 
400 +(8) AFTER INCUBATION ~ 
200 F 
4k . 
oO 
Oo & er 


CENTIMETERS 


Fic. 9. FIA hydrolase reaction in the presence of labeled aspartic acid. Incuba- 
tion mixture (0.6 ml.) contained 8 ymoles of FIA, 100 wmoles of Tris buffer, pH 9.0, 
0.8 umole of L-aspartic acid (24,000 ¢.p.m.), and 0.1 ml. of aluminum hydroxide gel 
fraction. At zerotime (A) and after 30 minutes incubation at 26° (2), 0.3 ml. aliquots 
were removed and deproteinized with 5 per cent perchloric acid. To the supernatant 
fluid was added 1 wmole of L-aspartie acid asa carrier, and perchloric acid was neutral- 
ized with KOH. Aliquots (0.05 ml.) were applied to Whatman No. 3 MM paper, and 
the chromatograms were developed by descending technique with a solvent contain- 
ing 70 parts of tert-butanol, 15 parts of formic acid, and 15 parts water (7) for 8 hours. 
The spots were rendered visible and counted as described under ‘‘Methods.’’ 
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Preliminary experiments have not yet produced any evidence for a folic } 
acid type of cofactor in this degradation. This, therefore, appears to be | 
different from the reported involvement of tetrahydrofolic acid in the deg- 
radation of formiminoglycine (18, 19) and formiminoglutamic acid (20, 21) 
by Clostridium cylindrosporum and rabbit liver, respectively. No stimu- 
lation of FIA hydrolase was observed in crude extracts of Pseudomonas or 
in the partially purified FIA hydrolase (with and without Dowex 1 formate 
treatment) upon addition of C. cylindrosporum extracts’ or heat-inactivated 
crude extracts of Pseudomonas (80°, 5 minutes). 
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pH 
Fic. 10. Rate of reaction as a function of pH. Standard assay conditions, except 
that the following buffers were used: acetate, pH 5.0; phosphate, pH 6.0, 7.0; Tris, 
PH 8.0, 9.0; carbonate, pH 10.0, 11.0. @, spontaneous decomposition; O, enzymatic 
degradation. 


Specificitty—F IA hydrolase appears to be a specific enzyme for FIA, 
since neither formiminoglutamic acid nor formiminoglycine was hydrolyzed 
at an appreciable rate. The enzymatic hydrolysis of FIA was not in- 
hibited by the presence of equimolar concentrations of either formimino- 
glutamic acid or formiminoglycine. 

Effect of pH and Substrate Concentration—Under the standard assay 
conditions, maximal rates were obtained at pH 9.0 (Fig. 10). Above pH 
10.0 FIA was hydrolyzed spontaneously at a slow rate. About 8 per cent 
was decomposed in 15 minutes at 25°, pH 11.0. 

The rate of enzymatic hydrolysis as a function of substrate concentra- 
tion is shown in Fig. 11. The A, value as determined by the Lineweaver- 


3 Kindly furnished by Dr. J. C. Rabinowitz. 
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Burk plot (22) was found to be approximately 2.6 X 10-* m under these 
conditions. 

Effect of Inhibitors—Under standard assay conditions, the following 
compounds did not show any inhibition: KCN (0.04 m), KF (0.1 m), and 
EDTA (0.025 m). p-Chloromercuribenzoate (0.00025 m) showed 25 per 
cent inhibition. When the enzyme was incubated with 0.05 m EDTA over- 
night at 0° and then tested for activity, no inhibition was observed as com- 
pared to the enzyme treated in the same way but without EDTA. 
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Fic. 11. Rate of reaction as a function of substrate concentration. (@) Standard 
assay conditions. (O) Lineweaver-Burk plot of s/v versus substrate concentration. 


DISCUSSION 


The evidence presented in this paper establishes the identity of the en- 
zymatically produced compound in the ImAA degradation by Pseudomonas 
enzyme with synthetic FIA. The natural occurrence of formimino deriva- 
tives of glutamic acid and glycine and their metabolism has recently been 
reported from several laboratories. Formiminoglutamic acid (8, 23, 24) 
has been synthesized and found to be an intermediate in the enzymatic 
degradation of histidine by mammalian liver preparations and by histidine- 
adapted Pseudomonas extracts. The conversion of FIA to EA and ammo- 
nia reported here appears similar to the degradation of formiminoglutamic 
acid to formylglutamic acid and ammonia in histidine-adapted Pseudo- 
monas preparations (8). Other reported pathways for the metabolism of 
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formimino compounds are the conversion of formiminoglutamic acid to 


formamide and glutamic acid in extracts of Aerobacter aerogenes (25) and | 


Clostridium tetanomorphum (26) and the conversion of formiminoglycine to 
glycine, formate, and ammonia by a partially purified enzyme preparation 
from C. cylindrosporum (6). More recently there has been recorded the 
conversion of formiminoglycine and formiminoglutamic acid to 5-formi- 
minotetrahydrofolic acid and the corresponding amino acids in extracts 
of C. tetanomorphum (27) and rabbit liver (21), respectively. 


The nature of ImAA oxidase as well as the mechanism of the reaction | 


remains unclarified. As previously reported (1, 2), disappearance of 
ImAA from the incubation mixture and the oxidation of DPNH in the 
presence of ImAA are dependent on the presence of both DPNH and oxy- 


gen. When the complete system was incubated first aerobically without — 
DPNH and then anaerobically in the presence of DPNH, no oxidation of — 
DPNH was observed; the reaction took place immediately after air was — 
introduced to the reaction vessels. Anaerobic incubation of the complete | 


system did not yield any evidence for the disappearance of ImAA as de- 
termined by a diazo reaction (3) or by ion exchange chromatography. 
Throughout extensive purification of the enzyme, no evidence was obtained 
for the presence of more than one protein fraction for this activity. 
Simultaneous requirement for reduced pyridine nucleotides and oxygen 
for certain aerobic reactions has been observed in other instances. Thus, 
in the case of phenylalanine hydroxylase, both DPNH and oxygen were 
required for the conversion of phenylalanine to tyrosine (28). TPNH and 


oxygen were both required for oxidative reactions with various drugs (29, — 


30), as well as hydroxylation of steroids (31) and kynurenine (32, 33). It 
is possible that reduced pyridine nucleotides are oxidized to generate HO. 
or some form of peroxide on the enzyme surface, which is then utilized for 
the oxidative reactions. In fact, photolysis of ImAA by ultraviolet light 
was shown to produce aspartic acid and formic acid by non-enzymatic 
reactions in which H.O2 seems to be involved (34). However, this inter- 
pretation is rendered less likely, since there is no measurable DPNH oxidase 
in the purified preparation and glucose and notatin could not replace 
DPNH. Furthermore, the addition of a large amount of catalase or cata- 
lase with ethanol did not cause any inhibition. 

Preliminary experiments! with O and H.O" indicate that oxygen is 
directly incorporated from atmospheric oxygen into the carboxyl group 
of FA and suggest that the primary attack may possibly occur on the C; 
position of ImAA similar to hydroxylation of aromatic compounds. The 
resulting compound, imidazoloneacetic acid, may be either enzymatically 
or spontaneously hydrolyzed to FIA as shown in the accompanying dia- 
gram. 

4 Unpublished results by O. Hayaishi, 8.:Rothberg, and H. Tabor. 
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HO 
C—CH.— COOH ——— C-—_CH.— COOH 
N NH + DPNH + H++0.— N NH + DPN + HO 
C 
H H 
0 
\ 4H O 
C—C—CH:—COOH NN H 
C—— C—CH.—COOH 
HO NH | 
| N NH 
CH 
| C 
NH H 


The enzyme is therefore an oxygenase and utilizes molecular oxygen for 
enzymatic oxygenation (35). 


SUMMARY 


1. A compound was isolated from the aerobic incubation mixture con- 
taining B-(imidazolyl-4(5))-acetic acid (ImAA), reduced diphosphopyridine 
nucleotide, and a partially purified enzyme preparation from ImAA-grown 
Pseudomonas. ‘This compound was identical with synthetic N-formimino- 
aspartic acid (FIA) with respect to the infrared spectra, elementary analy- 
sis, the spectrum of color reaction with alkaline ferricyanide-nitroprusside 
reagent, and R» values on paper chromatograms. 

2. The enzyme, referred to as ImAA oxidase, was purified about 200- 
fold. Preliminary results indicate that it is an oxygenase and utilizes 
molecular oxygen for enzymatic oxygenation of ImAA in the presence of 
reduced diphosphopyridine nucleotide. 

3. An enzyme which catalyzes hydrolytic cleavage of FIA to produce 
formylaspartic acid (FA) and ammonia was partially purified from extracts 
of Pseudomonas sp., which was grown on ImAA as a major carbon and 
nitrogen source. The product of the enzymatic reaction was isolated in 
crystalline form and identified as FA by infrared spectra, elementary anal- 
ysis, and chromatographic behavior on paper and Dowex columns. The 
properties of the enzyme have been described. 


It is a pleasure to acknowledge the technical assistance of James K. 
Marshall. All the microanalyses were made under the supervision of 


Dr. W. C. Alford. 
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ENZYMATIC CONVERSION OF FORMYLASPARTIC ACID 
TO ASPARTIC ACID* 


By EINOSUKE OHMURA# anv OSAMU HAYAISHI 


(From the Department of Microbiology, Washington University School of Medicine, 
St. Louis, Missouri, and the National Institute of Arthritis and Metabolic 
Diseases, National Institutes of Health, Bethesda, Maryland) 


(Received for publication, January 2, 1957) 


In previous investigations imidazoleacetic acid was shown to be quanti- 
tatively converted to formylaspartic acid by a partially purified enzyme 
preparation obtained from Pseudomonas sp. that requires DPNH?! and 
oxygen (2,3). An intermediate in this process was isolated from the incu- 
bation mixture with highly purified enzyme preparations and was charac- 
terized as N-formimino-L-aspartic acid (4). Enzymatic hydrolysis of N- 
formiminoaspartic acid to yield formylaspartic acid and ammonia was 
catalyzed by a specific enzyme, FIA hydrolase. In all of these previous 
studies with crude extracts and purified enzyme preparations, FA was 
accumulated as an end product in a stoichiometric quantity, and forma- 
tion of free aspartic acid was not detectable even after prolonged incubation. 

The purpose of this paper is to present evidence for the further degrada- 
tion of FA to aspartic acid and formic acid by a specific enzyme, formyl- 
aspartic formylase, which is active only in the presence of Fe*+* or Cot. 


EXPERIMENTAL 


The source of ImAA and FA was previously described (4). Formyl- 
glutamic acid was synthesized according to Tabor and Mehler (5). For- 
myl-pL-leucine was prepared by the method of Fruton and Clarke (6). 
Acetyl-pL-methionine and acetyl-L-glutamic acid were products of the 
Nutritional Biochemicals Corporation. Chloroacetyl-L-aspartic acid was 
prepared by the method of Price et al. (7). Formylanthranilie acid and 
formylkynurenine were kindly furnished by Dr. R. Y. Stanier and Dr. T. 
Sakan, respectively. Pseudomonas sp. (ATCC 11299B) was used through- 
out this investigation. 


*Part of this investigation was supported by grants-in-aid from the National 
Institutes of Health (No. G-3727). A preliminary report of this work was presented 
at the 55th general meeting of the Society of American Bacteriologists at New York 
in May, 1955 (1). 

t Present address, Takeda Research Laboratory, Osaka, Japan. 

' The following abbreviations are used throughout the paper: ImAA, 8-(imidazolyl- 
4(5))acetic acid; FIA, N-formiminoaspartic acid; FA, formylaspartie acid; Tris, 
tris(hydroxymethyl)aminomethane; DPN, diphosphopyridine nucleotide; DPNH, 
reduced DPN. 
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Enzymatic Assay—Determination of amino acids was carried out by a 
ninhydrin method of Moore and Stein (8), except that citrate buffer at 
pH 6.2 was used instead of at pH 5.0 in order to prevent spontaneous hy- 
drolysis of labile acylamino acids. The standard assay system (1.0 ml.) 
contained 10 uwmoles of substrate, 10 umoles of Tris buffer, pH 7.0, enzyme, 
and 1 umole of metal ions as indicated in each experiment. After 30 min- 
utes incubation at 37°, an aliquot (0.3 ml.) was removed from the reaction 
mixture and was added to 0.2 ml. of 12 per cent cold trichloroacetic acid. 
The mixture was then centrifuged at 12,500 & g at 0°, and 0.2 ml. of the 
supernatant solution was neutralized with 1.0 n KOH in an ice bath. The 
total volume was made to 1.0 ml. and was used for the ninhydrin method. 

1 unit of enzyme is defined as that amount which hydrolyzes 1 umole of 
FA per hour under standard assay conditions, and specific activity is ex- 
pressed as units per mg. of protein. Protein was assayed by the phenol 
method of Lowry et al. (9). Aspartic acid was determined by the enzy- 
matic method of Meister et al. (10), and formic acid was measured by a 
manometric procedure (11). 


Results 


Adaptive Nature of Enzymes Splitting FA—In order to study the adap- 
tive response of the organism to various substrates in the growth medium, 
Pseudomonas cells were grown in the following three media: (a) ImAA me- 
dium, (b) histidine medium, which, respectively, contained ImAA and 
histidine as major sources of carbon and nitrogen (4, 12), and (c) a medium 
containing 0.1 per cent malic acid, 0.1 per cent (NH4)2SO,, 0.1 per cent 
Difco yeast extract, 0.15 per cent K2HPO,, 0.05 per cent KH2PO,, and 
0.02 per cent MgSO,-7H:O at pH 7.0. 

The activity of extracts of the cells (4) was tested with FA as a substrate 
with the standard assay system. As before, none of these extracts showed 
appreciable activity when tested without addition of metal ions. This is 
also consistent with the observation by Tabor and Mehler that extracts 
from histidine-adapted Pseudomonas did not degrade FA (5). Upon addi- 
tion of various metal ions to the incubation mixture, the presence of 0.001 M 
CoCl. was found to stimulate the activity of all three extracts. A more 
than 10-fold increase was observed with extracts of histidine-grown cells 
or ImAA-grown cells. Extracts of malate-grown cells also showed con- 
siderable activity in the presence of Cot+ (Table I). In contrast to co- 
baltous ion, however, addition of ferrous ion stimulated the activity of 
extracts from ImAA-grown cells only, suggesting the presence of a specific 
adaptive enzyme in the ImAA-grown cells. 

Since these results indicated the presence of different formylases in ex- 
tracts of ImAA-grown cells and histidine-grown cells, purification of the 
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two activities was carried out with different assay procedures; the assay 
of FA formylase from histidine-adapted cells was performed in the pres- 
ence of Cot+, and that of ImAA-grown cells was carried out in the presence 
of Fet*. 

Purification of Formylaspartic Formylase from Extracts of ImAA-Grown 
Cells (Formylase 1)—-For each 33 ml. of crude extract 9.1 ml. of a1 per cent 


TABLE 
Adaptive Nature of Organism 


The incubation mixture (1.0 ml.) contained 0.1 ml. of crude extracts (0.5 mg. of 
protein), 10 zmoles of formylaspartic acid, 20 wmoles of Tris buffer, pH 7.0, 2 umoles 
of cobaltous ions as CoCl., or ferrous ions as FeSO, as indicated. Incubation was 
for 1 hour at 37°. The numbers represent specific activities. 


| Medium 
Addition 
Malate | Histidine ImAA 
} 
None 0.5 0.4 0.7 
Cot* | 2.6 | 6.3 6.0 
Fet* 0.5 | 0.4 5.2 
TaBLe IL 
Purification of Formylase I from ImAA-Adapted Cells 
Standard assay system with 1 wmole of FeSO,. 
Enzyme Total yield 
| | unils per cent 
Fraction I (30-40% (NH,)280,)............. | 8 16 8.5 
II (40-50% 44 58 | 31 
we III (50-70% (NH4)280,)........... 15 12 | 6.5 
Aluminum hydroxide gel fraction........... | 99 ! 24 | 18 


solution of protamine sulfate (Eli Lilly and Company) were added. After 
15 minutes at 0°, the precipitate was centrifuged, and for each 40 ml. of 
the supernatant solution 8.4 gm. of (NH4)2SO,4 were added. After 30 min- 
utes at 0°, the precipitate was centrifuged and 2.8 gm. of (NH4)2SO,4 were 
added to the supernatant fluid. The precipitate was collected by centrifu- 
gation and dissolved in 0.02 m phosphate buffer, pH 7.1 (Iraction I, Table 
II). To the supernatant solution 2.8 gm. of (NH4)2SO, were added. The 
precipitate was collected by centrifugation and dissolved in the same buffer 
(Fraction IT). 5.6 gm. of (NH4)2SO,4 were added to the supernatant fluid. 
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The precipitate was collected by centrifugation and dissolved in 0.02 » 
phosphate buffer, pH 7.0 (Fraction III). Each fraction was dialyzed 
against distilled water at 5° for 10 hours. 2.0 ml. of aluminum hydroxide 
gel (18.5 mg. of solids per ml.) were centrifuged, and 10 ml. of dialyzed 
fraction II were added to the semisolid gel. The mixture was stirred for 
about 20 minutes at 0°. After centrifugation, the gel was eluted with 5.0 
ml. of 0.04 m phosphate buffer, pH 7.1, for about 15 minutes at 0°, and 
centrifuged. The enzyme was dialyzed against cold distilled water for 
4 hours. 

Purification of Formylaspartic Formylase from Histidine-Grown Cells 
(Formylase I1)—To 160 ml. of crude extract were added 40 ml. of a 1 per 


TaB_e III 
Purification of Formylase II from Histidine-Adapted Culture 
Standard assay system with 1 wmole of CoCls. 


Enzyme | a | ee Total yield 
| watts por meg. | units per cent 
protein 

Crude extract........ | | 5.1 | 250 100 

Protamine fraction........................ | 10.6 240 96 
Fraction I (35-45% (NH,4).SO,4)...00 7.5 | 11 | 4.4 
TI (45-55% 6 | 13 5.2 
III (55-65% 31.6 | 62 26.0 
IV (65-80% | 44.0 | 87 36.0 
| 62 | 117 | 47.7 
Aluminum hydroxide gel fraction...........|_—_ 350 | 100 | 40.4 


cent protamine solution (Eli Lilly and Company). After 15 minutes at 
0°, the precipitate was removed by centrifugation. To 200 ml. of the 
supernatant solution were added 48.8 gm. of (NH4)2SO,. After 30 min- 
utes at 0°, the precipitate was centrifuged (Fraction I, Table III), and 
14.0 gm. of (NH,4)2SO,4 were added to the supernatant fluid. The precipi- 
tate was collected by centrifugation (Fraction II). To the supernatant 
solution, 14 gm. of (NH4).SO, were added. After 30 minutes, the precipitate 
was collected (Fraction III). To the supernatant fluid, 14.0 gm. of 
(NH4)2SO, were added. After 15 minutes, the precipitate was collected 
(Fraction IV). 

Each fraction collected by centrifugation was dissolved in 20 ml. of 
0.02 m phosphate buffer, pH 7.0. In contrast to formylase I, Fractions 
III and IV (Table III) which were precipitated between 55 and 80 per cent 
saturation of ammonium sulfate contained most of the activity, whereas 
only a small amount of activity was detected in Fractions I and II. 


eld 
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Fractions III and IV were combined and dialyzed against cold distilled 
water for 6 hours. To 18 ml. of the dialyzed enzyme solution were added 
2 ml. of 1 M sodium acetate, and then 10.7 ml. of acetone were added drop- 
wise With mechanical stirring at —10°. After standing for 5 minutes, the 
precipitate was removed by centrifugation, and 5.3 ml. of acetone were 
added to the supernatant fluid in a similar manner. After 5 minutes at 
—10°, the precipitate was collected by centrifugation and dissolved in 5 
ml. of cold water (acetone fraction). 

2.5 ml. of aluminum hydroxide gel were centrifuged, 10 ml. of acetone 
fraction were added to the semisolid gel, and the stirred mixture was left 


TaBLe IV 
Substrate Specificity of Formylases I and II 


Formylase I (0.08 mg. of protein) or formylase II (0.02 mg. of protein), 10 zmoles 
of substrate, 10 wmoles of Tris buffer, pH 7.2, 2 wmoles of Co**, or 1 umole of Fe** 
as indicated, in a total volume of 1.0 ml. Incubation was for 30 minutes at 37°. 
The numbers represent micromoles of substrate decomposed per hour per mg. of 


protein. 


Chloro- Acetyl-L- 

Enzyme Metal FA aspartic glutamic 
Formylase I None 32 0 5 0 
Fett 100 0 9 0 
Cott 51 92 8 7 
Formylase II None 26 0 340 80 

Fet* 6 0 350 © 

Cot* 330 250 350 110 


at 0° for about 20 minutes. After centrifugation, the supernatant solution 
was discarded. The gel was washed once with 5.0 ml. of 0.04 m phosphate 
buffer, pH 7.1, and then eluted with 5.0 ml. of 0.2 m phosphate buffer, pH 
7.0. The enzyme preparation was dialyzed against cold distilled water 
for 4 to 6 hours before testing, since phosphate buffer binds metal ions, 
particularly ferrous ions. 

Metal Requirement and Substrate Specificity of Formylases I and II—A 
partially purified preparation of formylase I appeared to be specific for 
FA. The activity towards FA was stimulated by the addition of ferrous 
ions and also by cobaltous ions to a lesser extent. Formyl- and acetyl- 
glutamic acids were only slightly metabolized by this preparation (Ta- 
ble IV). 

On the other hand, the purified formylase II preparation showed much 
higher activity towards formyl- and acetylglutamic acids, and the activity 
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Fig. 1. Activity of formylases I and II with varying concentration of cobaltous 
ions. Formylase I (0.08 mg. of protein) or formylase II (0.02 mg. of protein), 10 
umoles of FA, 10 umoles of Tris buffer, pH 7.4, the amount of CoC}, as indicated, ina 
total volume of 1.0 ml. Incubation was for 30 minutes at 37°. @, formylase I; 
O, formylase II. 

Fic. 2. Activity of formylases I and II with varying concentration of Fe** ions. 
Formylase I (0.08 mg. of protein) or formylase II (0.02 mg. of protein), 10 wmoles of 
FA, 10 wmoles of Tris buffer, pH 7.4, varying concentrations of ferrous ions (FeSQ,-- 
7H.0), in a total volume of 1.0 ml. Incubation was for 30 minutes at 37°. @, formy- | 
lase I; O, formylase IT. 


TABLE V 
Products of Reaction 


The incubation mixture (2.0 ml.) contained formylase I (0.89 mg. of protein), 
100 zmoles of FA, 50 wmoles of Tris buffer, pH 7.5, 1 umole of Fe**, and 1 umole of 
sodium ascorbate.* Incubation was for 5 hours at 37°. The incubation mixture 
for formylase II contained, in 2.0 ml., 100 wmoles of FA, 5 uwmoles of Co*t, enzyme 
(0.6 mg. of protein), 50 zmoles of Tris buffer, pH 7.5. Incubation was for 6 hours 
at 37°. 


Formy lase —A FAt A aspartic acid} A formic acid 
pmoles pmoles | pmoles 
I | 90.0 | 88.0 : 86.5 


II 96 .2 96.0 | 92.0 


* Sodium ascorbate was added in order to keep ferrous ions in reduced form. 
+ Ninhydrin assay. 
t Enzymatic assay. 
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SUBSTRATE CONCENTRATION (10°3M) 


Fic. 3. Effects on the reaction rate of varying concentrations of FA. A, incuba- 
tion mixture (1.0 ml.) contained formylase I (0.06 mg.), 1 umole of FeSO,, 10 umoles 
of Tris buffer, pH 7.5, and FA as indicated. Incubation was for 30 minutes at 37°. 
B, incubation mixture (1.0 ml.) contained 0.04 mg. of formylase II, 1 umole of CoCl, 
10 zmoles of Tris buffer, pH 7.5, and FA as indicated. Incubation was for 30 min- 


utes at 37°. 


FA DECOMPOSED (uMOLES) 
nN 


"60 70 8.0 90 
pH 
Fic. 4. Rate of the reaction as afunction of pH. Formylase I (0.08 mg. of protein) 
or formylase II (0.02 mg. of protein), 10 umoles of FA, 10 umoles of Tris buffer, pH 
7.5 to 8.6, or 10 umoles of acetate buffer, pH 5.0 to 6.5, 1 umole of Fe** with formylase 
I or 2 umoles of Co*+ with formylase II. Incubation was for 30 minutes at 37°. @, 
formylase I; O, formylase II. 
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towards FA was stimulated by the addition of Co*+*+ but was suppressed 
in the presence of Fet**. 


Both enzymes had some activity towards chloroacetylaspartic acid in — 


the presence of cobaltous ions, but acetylmethionine, formylleucine, formy]- 
kynurenine, and formylanthranilic acid were all inert. 

The activity of the formylases as a function of cobaltous ion concentra- 
tion is shown in Fig. 1. 


The optimal concentration of Cot+ for formylase I was approximately | 


10-* m, while that for formylase II is around 107? m. 
Fig. 2 shows the response of the two enzymes towards ferrousions. For- 
mylase II is increasingly inhibited by ferrous ions as the concentration 


increases above 10-°m. In contrast, formylase I shows marked stimulation _ 


and the optimal concentration lies around 107° Mo. 


Mn?** ions (10~* m) stimulated formylase II approximately 150 per cent — 


but failed to affect formylase I activity at 10-* or 10-4 m. Cd?**, Zn*, 
and Nit* were all ineffective. 
Products of Reaction—Table V shows that both formylase I and formylase 


II catalyze the simple hydrolysis of FA and that equivalent amounts of | 


L-aspartic acid and formic acid were produced from formy]-L-aspartic acid. 
Effects of Substrate Concentration and pH on Reaction Rate—The effects 


on the reaction rate of varying concentrations of FA are shown in Fig. 3. | 


K,, values are calculated from these data to be 1.32 &X 107° m and 1.25 X © 


10- m for formylases I and II, respectively. The optimal pH of formylase 


I is approximately 7.0, while that of formylase II is around pH 8.0 (Fig. 4). 


DISCUSSION 


It may be concluded from these and previous studies (2—4) that the 
metabolic pathway of ImAA in Pseudomonas involves the accompanying 
reactions. 


(1) ImAA + DPNH + H* + O, — FIA + DPN 
(2) FIA + H.O — FA + NH; 
(3) FA + H,O — aspartic acid + formic acid 


A specific formylase, which was purified from ImAA-grown cells of Pseu- | 


domonas, catalyzes the hydrolysis of FA in the presence of Fe+*+ or Cott 
(Reaction 3). It also acts upon chloroacetylaspartic acid in the presence 
of Cot+, but formyl and acetyl derivatives of other amino acids were not 
metabolized. This enzyme is referred to as formylaspartic formylase. 
Another enzyme, tentatively designated formylase II, was purified from 
histidine-grown cells of Pseudomonas. Although this enzyme is able to 
catalyze hydrolysis of FA in the presence of cobaltous ions, it exhibits 
much higher activity towards acy] derivatives of glutamic acid and is prob- 


wom yet 
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ably identical with the enzyme described by Tabor and Mehler (5). More 
recently Kato et al. (13) described a similar enzyme from Pseudomonas 
and named it formylglutamic deformylase. 

The evidence presented in this paper shows that these two enzymes, 
both of which hydrolyze FA under certain conditions, exhibit different 
substrate specificities, metal requirements, and physicochemical properties. 

Both enzymes differ from hitherto known acylases, such as acylases I 
and II, which were isolated from animal cells by Rao and his collaborators 
(14) and were shown to exhibit much less substrate specificity. They 
differ also from formylkynurenine formylase previously reported by Mehler 
and Knox (15) and by Hayaishi and Stanier (16). 

Recent studies on adaptive enzyme formation have shown that a single 
activity can be elicited by a large variety of inducers of related chemical 
structure. For example, 8-p-galactosidase of Escherichia coli could be 
induced by various compounds having the 6-galactoside linkage (17). In 
such studies the induced activity is usually determined with intact cells, 
with toluene-treated cells, or with crude extracts. With these techniques 
alone it is not always clear whether all the inducers evoke the formation 
of the same enzyme or whether different enzymes with a common activity 
are formed in response to different inducers. 

In the present work the use of more refined enzymological techniques 
has uncovered an instance of the latter type. Formylases I and II are 
formed by the same type of cell in response to different inducers and have 
in common the ability to degrade FA into formic and aspartic acids. Yet 
they are distinct enzymes which exhibit different substrate specificities, 
metal cofactor requirements, and physicochemical properties. 


SUMMARY 


1. The metabolism of formylaspartic acid was studied with partially 
purified enzyme preparations obtained from £6-(imidazolyl-4(5))acetic 
acid (ImAA)-grown cells and histidine-grown cells of Pseudomonas. 

2. The two kinds of cells yielded two different enzymes, both of which 
catalyze the hydrolysis of formylaspartic acid to yield formic acid and 
aspartic acid. 

3. Formylaspartic acid formylase, which was obtained from ImAA- 
grown cells, is more specific and is stimulated by Fe** and, to a lesser ex- 
tent, by Cot++. Another formylase prepared from histidine-grown cells 
could hydrolyze acyl derivatives of aspartic as well as of glutamic acid, 
and its activity towards formylaspartic acid was stimulated only in the 
presence of Co** ions. 

4. Possible implications of these findings with regard to adaptive en- 
zyme studies were discussed. 
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STUDIES ON THE PROPERTIES OF THREONINE 
ALDOLASES* 


By MARVIN A. KARASEKT{ ann DAVID M. GREENBERG 


(From the Department of Physiological Chemistry, University 
of California School of Medicine, Berkeley, California) 


(Received for publication, December 18, 1956) 


Braunshtein and Vilenkina (2), in studies on the formation of glycine 
from serine, threonine, and other hydroxyamino acids in animal tissues, 
reported the presence of an enzyme which formed acetaldehyde and gly- 
cine from threonine and allothreonine. In subsequent work by Lin and 
Greenberg (3) it was shown that allothreonine is decomposed about twenty 
times faster than threonine in crude homogenates, that equimolar amounts 
of acetaldehyde and glycine are formed from threonine and allothreonine, 
and that the bp isomers are not decomposed. More recently Gilbert (4) 
found threonine to be synthesized from acetaldehyde and glycine upon 
incubation with a soluble cell-free rat liver enzyme. 

In the present work evidence has been obtained that allothreonine and 
threonine are attacked by separate enzymes. A method for the prepara- 
tion of the enzymes has been developed and a study has been made of 
some of their properties. 

Because of the close analogy of the enzymatic reactions to aldol conden- 
sations, the enzyme which catalyzes the decomposition of threonine will 
continue to be referred to as threonine aldolase, and that which catalyzes 
the decomposition of allothreonine as allothreonine aldolase. 


Materials and Methods 


pt-Threonine, 0.5 mM (Schwarz Laboratories, Inc., allo-free), adjusted to 
pH 7.6 with NaOH and stored in the cold. 
pt-Allothreonine, 0.5 mM (Nutritional Biochemicals Corporation), pre- 


pared as above. 
Pyridoxal phosphate, 10-* m (California Foundation for Biochemical Re- 
search), dissolved in distilled water and stored frozen. 


* Aided by research grants from the National Cancer Institute (Nos. 327 and 
2327) and the Cancer Research Funds of the University of California. 

t Prepared from a thesis for the degree of Doctor of Philosophy submitted by 
Marvin A. Karasek to the Graduate Division, University of California, September, 
1956. An abstract of the work has been published (1). Microfilm or photostatic 
copies can be secured on order from the University of California Library. 

t Predoctoral Fellow of the National Institutes of Health, 1955-56. Present 
address, Scripps Clinic and Research Foundation, La Jolla, California. 
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Acetaldehyde, 0.2 mM (Eastman Kodak Company), prepared by dissolving 
1.13 ml. of redistilled acetaldehyde in 100 ml. of distilled water. 

Periodate reagent, 0.5 mM (G. Frederick Smith Chemical Company), dis- 
solved in distilled water and prepared fresh each week. 

Semicarbazide reagent, 0.1876 gm. of semicarbazide hydrochloride (East- 


man Kodak Company), dissolved in 250 ml. of 0.16 m phosphate buffer, | 


pH 7.0. 


Enzyme Assay Methods 


Method I. Acetaldehyde Determination—The reaction was carried out in 
the modified, all-glass Conway diffusion cells described by Lin and Green- 
berg (3), and the acetaldehyde was determined by the method of Burbridge 
et al. (5). 


3.0 ml. of semicarbazide reagent were carefully pipetted into the central | 


well of the diffusion cell. The test solutions pipetted into the outer well 


were 0.1 ml. of 10-* mM pyridoxal phosphate,! 0.25 ml. of pi-threonine or — 


pL-allothreonine solutions, and 1.65 ml. of 10-* m phosphate buffer, pH — 
7.6. At zero time, 0.5 ml. of properly diluted enzyme solution was added 
to the outer well, the ground glass stopper was inserted, and the cells were © 
incubated in a Dubnoff shaking incubator for 30 minutes. To stop the | 


reaction, the flasks were placed in a water bath at 80—90° for 2 minutes. © 


They were then returned to the shaking apparatus for 90 minutes to com- 
plete the diffusion of the acetaldehyde. 


To determine the quantity of acetaldehyde produced, 2.0 ml. of the — 


semicarbazide solution were removed from the central well and diluted to | 


10.0 ml. with distilled water. The optical density of this solution was 
measured at 224 my in a Beckman DU spectrophotometer in a 1.0 em. 


cell. The blank solution consisted of 2.0 ml. of the semicarbazide reagent | 
diluted to 10.0 ml. with distilled water; the control flasks contained all the — 


reaction components except the substrate. The production of acetalde- 
hyde was proportional to the amount of enzyme at values below 10 umoles 
(see Fig. 1). 

Method II. Determination of Formed Threonine—In this assay procedure 


the reaction was carried out in 2.1 ml. dram vials fitted with a 2 mm. poly- — 
ethylene seal. A standard screw cap was placed over the polyethylene — 


seal to hold it in place and to produce an air-tight closure. All the solu- 
tions were added to or removed from the vials with a hypodermic syringe. 
The reaction medium consisted of 0.2 ml. of acetaldehyde, 0.25 ml. of gly- 
cine, and phosphate buffer to give a total volume of 2.1 ml. after the addi- 


1 The abbreviations used are PLP, pyridoxal phosphate; PCMB, p-chloromercuri- 
benzoate; BAL, dithiopropanol; EDTA, ethylenediaminetetraacetic acid; ATP, 
adenosine triphosphate. 
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tion of the enzyme. At zero time, 0.5 ml. of properly diluted enzyme 
solution was added, together with a glass bead, and the vials were sealed 
with the polyethylene disk. The vials were then placed horizontally in 
a Dubnoff metabolic shaking incubator and incubated for 30 minutes. To 
stop the reaction, the contents of the vials were rapidly transferred to cen- 
trifuge tubes which contained 0.5 ml. of 10 per cent trichloroacetic acid. 
The tubes were then heated in a metal heating block at 90° for 30 minutes 
to remove substrate acetaldehyde which would interfere with subsequent 
threonine and allothreonine determinations. The protein was removed 


Moles Acetaldehyde 


T 


l 
5 10 5 20 25 
Concentration of Enzyme mg./ml. 


Fig. 1. Formation of acetaldehyde as a function of the enzyme concentration 


by centrifugation, and the supernatant fluid was diluted to 10.0 ml. with 
distilled water. 

The threonine and allothreonine present were determined by cleavage 
with periodate and the acetaldehyde liberated. The acetaldehyde could 
be determined as in Method I by diffusion. However, a more rapid pro- 
cedure was developed by determining the acetaldehyde colorimetrically 
with 2 ,4-dinitrophenylhydrazine. 

To carry out the determination, a suitable aliquot of the incubation 
mixture was placed in a 10 ml. volumetric flask, and the pH was adjusted 
to the end point of methyl red with 6 Mm NaOH; 0.15 ml. of 0.5 m periodic 
acid was added, the flasks were stoppered, and the reaction was allowed to 
go to completion (5 minutes). To remove the excess of periodic acid, a 
saturated solution of SnCl. in 2 Nn HCl was added until a clear, colorless 


olving 

), dis- 
Kast- 
uffer, 

ut in 

rreen- 
ridge 
ontral 
well 
ne or | 

, pH 

idded 

were 5 

the 

1utes. 
com- 

f the 
d to 
was 

) cm. 

gent 

ll the 
alde- 
10les 

dure 

poly- 
ylene 
solu- 
inge. 
gly- 
1ddi- 
curl- 

ATP, | 

i 

(UM 


194 THREONINE ALDOLASES 


solution was obtained. 0.1 ml. of a saturated solution of 2,4-dinitro- 
phenylhydrazine in 2 nN HCI was next added to form the hydrazone. After 
3 minutes standing, 2.0 ml. of 95 per cent ethanol were added to prevent , 
crystallization of the hydrazone, and the color was developed by diluting 
the mixture to 10 ml. with 2.6 Nn NaOH. The optical density of the result- 
ing solution was measured in exactly 15 minutes with a Beckman model B 
spectrophotometer at 515 my. The intensity of the color produced was 
proportional to the threonine or allothreonine concentration between 0.10 
and 1.0 umole (Fig. 2). | 


O60} 
> ° 
= 
Cc 
040+ 
— 
O ° 
0.20 0.40 0.60 0.80 0 


Moles Threonine or Allothreonine 


Fig. 2. Proportionality between threonine and allothreonine concentrations and 
optical density in Method II by the determination of formed threonine. 


Enzyme Solutions—The enzyme solutions for assay were diluted with 
cold phosphate buffer to contain 10 to 50 mg. of protein, depending on the 
activity. 

Enzyme Unit—An enzyme unit was defined as the quantity of enzyme 
which produced 1.0 umole of acetaldehyde or glycine in 0.5 hour, at 37°. 
The specific activity was defined as the enzyme units per optical density 
unit of protein. 

Protein Determination—Protein was determined by the ultraviolet ab- 
sorption at 278 mu in a 1.0 cm. cuvette (6). The extinction coefficient 
readings were converted to mg. of dry protein by multiplying by the factor 
1.10. This value was obtained by analysis of dialyzed, lyophilized enzyme 
preparations. 


Distribution of Enzyme Activity—A comparison of the enzyme activity 
in crude homogenates of the liver and kidney of a number of mammalian 


Comparison of Specific Activities and Activation with PLP of Threonine 
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Results 


TABLE 


and Allothreonine Aldolase of Various Tissues 


Reaction components: 1.0 ml. of tissue homogenates, 125 umoles of pL-threonine 
or pL-allothreonine, 0.1 mM phosphate buffer, pH 7.6, to give a volume of 2.5 ml. per 


flask. 
| | Enzyme activity, 
Enzyme source | Substrate | PLP — coments 
Beef liver | Threonine | - 0.02 
| + | 0.02 
| Allothreonine | ae | 2.6 
| + | 4.5 
Rabbit liver Threonine | - | 0.25 
| - | + 0.25 
| Allothreonine | - 3.8 
| as | + 5.2 
‘kidney | Threonine | 0.0 
| | + 0.0 
| Allothreonine | _ 0.45 
+ 1.3 
Rat liver Threonine _ 0.1 
+ 0.1 
Allothreonine 1.5 
+ 1.5 
kidney Threonine 0.0 
+ 0.0 
Allothreonine 0.2 
= + 0.2 
Horse liver Threonine — 0.25 
+ 0.25 
Allothreonine -- 2.10 
3.80 
Sheep ‘ Threonine — 0.3 
+ 0.3 
Allothreonine 6.1 
+ 6.2 


species and the relative activation with PLP is presented in Table I. 


195 


All 


the livers exhibited enzyme activity, with sheep liver showing the highest 
specific activity. This was used subsequently as the enzyme source in 
the purification studies. Both enzymes were also present in yeast, but 
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the specific activity of yeast cells disrupted by sonic treatment was con- 
siderably lower than that of mammalian tissues. 


Preparation of Threonine Aldolases 


Liver—Fresh liver was obtained from the abattoir, cooled with ice, 
washed in cold water, and freed from fat and connective tissue. The 
livers were cut into 15 gm. sections, wrapped in Parafilm or tin foil, and 
frozen and stored at —20° until used. 

Extraction—250 gm. of frozen liver were mixed with 250 ml. of 0.1 m 
phosphate buffer, pH 7.6, which contained 0.1 m NaF,? and warmed to 0°. 
The mixture was then homogenized in a Waring blendor for 2 minutes. 

Controlled Heat Denaturation of Non-Threonine Aldolase Protein—The 
crude homogenate was adjusted to pH 7.6 with 1 Nn NaOH and heated to 
55° in a hot water bath. This temperature was maintained for 5 minutes. 
After cooling in an ice bath to 0°, the inactive precipitate was removed by 
centrifugation at 0°. 

Ammonium Sulfate Precipitation—The clear red, cooled supernatant 
liquid from the heated extract was brought to 30 per cent saturation by 
the slow addition of solid ammonium sulfate. The pH of the extract was 
maintained at 7.6 during the addition of the ammonium sulfate, and the 
precipitate was removed by centrifugation at 0°. 

Ammonium Sulfate Extraction—A graded series of ammonium sulfate 
solutions of 20 to 50 per cent saturation was prepared by the appropriate 
dilution with distilled water of a saturated ammonium sulfate solution,‘ 
pH 7.6. The protein fraction which was not soluble in 30 per cent satu- 
rated ammonium sulfate was then successively extracted with the graded 
ammonium sulfate solutions of 50, 45, and 35 per cent saturation in the 
following manner. ‘The protein precipitate was extracted with 5 times its 
weight of the highest ammonium sulfate concentration (50 per cent), and 
the proteins not soluble in 50 per cent ammonium sulfate were separated 
by centrifugation. The extracted soluble proteins were reprecipitated 
without delay by the addition of saturated ammonium sulfate, pH 7.6, 
and were centrifuged, tested for activity, and stored at —20°. This pro- 
cedure was repeated with ammonium sulfate solution of 45 and 35 per cent 


2 Fluoride was found to protect the enzymes in crude homogenates, possibly by 
inhibiting the decomposition of PLP by phosphatases. After the first fractionation 
with ammonium sulfate, fluoride was ineffective in protecting against inactivation. 
In crude preparations, addition of PLP also reduced the progressive inactivation of 
the enzymes. 

’The formula of Kunitz (7) was employed to calculate per cent saturation of 
ammonium sulfate. 

4 Prepared by adding ammonium sulfate to saturation with stirring, adjusting to 
pH 7.6 with concentrated ammonia, and filtering off the excess salt. 
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saturation. The enzyme fraction soluble in 40 per cent saturated am- 
monium sulfate usually contained the aldolases. A summary of the puri- 
fication data is given in Table II. 

Attempts at Further Purification—The threonine aldolases were found 
to be highly labile and very resistant to further attempts to separate and 
purify them. Exploration with other salts demonstrated that sodium 
citrate was superior for purification to ammonium sulfate. However, the 
greater cost and limited improvement in the purification did not justify 
the use of citrate. 

No success in purification was obtained with the organic solvents, ace- 
tone, butanol, ethanol, and methyl Cellosolve. This was also true of the 


TABLE II 


Summary of Yields and Specific Activities Obtained during 
Purification of Threonine Aldolases 


Fraction Volume threonine 
Threo- |Allothre- | Threo- |Allothre- — 
nine onine nine onine 
ml. mg. 
Crude homogenate....... 330 | 58,000 | 296 | 6200 | 0.51} 10.7/| 0.048 
Supernatant, after heat- 
175 | 17,500; 192 | 3100 | 1.10{ 17.7 | 0.062 
Ammonium sulfate ppt., 
25 3, 260 75 670 | 2.3 20.5 | 0.11 
Ammonium sulfate ex- 
10 123 21 240 | 17.1 | 195 0.088 


adsorbents, alumina, calcium phosphate gel, bentonite, and barium sul- 
fate. Gradient elution chromatography by the method of Schwimmer (8) 
was unsuccessful because of the extreme lability of these enzymes, particu- 
larly in high dilutions. 


Evidence for Presence of Two Enzymes 


Changes tn Ratio of Threonine to Allothreonine Decomposition with Puri- 
fication—The ratios of the specific activities of the aldolases were followed 
during the preparation of the enzymes. From Table II it can be seen that 
the ratios of the quantities of threonine and allothreonine decomposed 
were not constant. 

Changes in Ratio of Threonine to Allothreonine Decomposition in Presence 
of Structural Analogues—Compounds with functional groups sterically re- 
lated to threonine and allothreonine inhibited the enzymes differentially. 
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Serine, homoserine, Chloromycetin, and threo- and erythro-serinol were 
tested. The extent of inhibition by each is shown in Table III. 

Other Evidence—This is provided by a variety of observations on the 
different responses in the decomposition of threonine and allothreonine 
by enzyme extracts. A wide variation was found in the magnitude of the 
activation with PLP for the two substrates. An extreme case was one 
sheep liver preparation in which PLP produced no increase in the rate of 
decomposition of threonine, although the rate for allothreonine was in- 
creased 10-fold. 


TaBLeE III 
Effect of Structural Analogues on Threonine and Allothreonine Aldolase Activity 


Reaction components: 80 mg. of enzyme protein, 0.10 umole of PLP, 125 umoles of © 


pL-allothreonine, 100 wmoles of analogue, phosphate buffer to give a volume of 3.0 
ml. per flask. 


Activity ratio, 
Substrate Analogue Enzyme activity threonine 
allothreonine 
enzyme units 
Threonine 1.0 0.09 
Allothreonine 11.5 
Threonine er ythro-Serinol 0.5 0.02 
Allothreonine 2.2 
Threonine threo-Serinol 1.0 0.40 
Allothreonine 2.5 
Threonine Serine 0.4 0.64 
Allothreonine 6.3 
Threonine Homoserine 0.6 0.85 
Allothreonine 7.2 
Threonine Chloromycetin 1.1 0.10 
Allothreonine 10.2 


With increasing time of incubation up to 2 hours, the rate of decomposi- 
tion of allothreonine remained nearly constant, while that of threonine 
was progressively slowed down. The rate of decomposition of allothre- 
onine increased nearly linearly with increasing enzyme concentration over 
about a 20-fold range, but that rate for threonine did not increase any fur- 
ther after the enzyme concentration was increased 4-fold with the same 
liver preparation. 


Properties of Threonine Aldolases 


Activation with PLP--Activation by PLP in crude extracts is demon- 
strated in Table I. In the purified preparations, the increase in enzyme 
activity as a function of the PLP concentration followed Michaelis-Menten 
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kinetics. The data plotted according to the method of Lineweaver and 
Burk (9) yielded straight lines. From these there were calculated the K, 
values for PLP of 1.11 * 10-4 m for threonine aldolase and 1.74 K 10-5 m 
for allothreonine aldolase. No other vitamin Bg derivative would replace 
PLP. | 

Effect of —SH Reagents—PCMB completely inhibited the enzyme activ- 


TABLE IV 
Inhibition and Reactivation of Threonine Aldolases 


Reaction components: 30 mg. of enzyme protein, 125 wmoles of pL-threonine or 
pL-allothreonine, 0.1 uzmole of PLP, 10-? Mm phosphate buffer, pH 7.6, to give a volume 
of 2.5 ml. per flask. 


Substrate Reagents 
enzyme 
units 
None 0.6 
2.4 
NE None 0.7 
3.1 
Allothreonine............................ 50 2.1 
3.1 
O-Iodosobenzoateft + BALT 0.65 


* In these experiments, 1 gm. of enzyme protein was oxidized with 10 wmoles of 
0-iodosobenzoate for 0.5 hour at pH 7.6 and 4°. An aliquot was removed and the 
remaining enzyme reduced with 100 uwmoles of BAL for 0.5 hour at pH 7.6 and 4°. 

tT 50 mg. 


ity, as did mercury and copper ions, while iodoacetate exhibited only a 
minimal inhibitory effect (Table IV). The enzyme also was inhibited by 
oxidation with iodosobenzoate, but this could be prevented or completely 
reversed by BAL (Table IV). It was also observed repeatedly that en- 
zyme preparations which lost enzyme activity upon prolonged aging could 
be partially reactivated by glutathione or cysteine. These findings sup- 
port the view that the threonine aldolases are —SH enzymes. 

Optimal pH—The effect of pH on the sheep liver enzyme activity was 
studied with both amino acid substrates in the presence of PLP, and for 
both the forward splitting reaction and the synthetic reaction with acetal- 
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dehyde and glycine as substrates (Fig. 3). The optimal pH was the same 
for both enzymes, whether the forward or the reverse reaction rate was 
measured, namely pH 7.6 +0.2. This same value was previously found 
for the rat liver threonine aldolase (3) and for guinea pig liver threonine 
aldolase (2). 

Stoichiometry—Incubation of L-threonine and t-allothreonine with the 
enzyme preparation resulted in equivalent decreases of the two substrates 
and the formation of corresponding amounts of acetaldehyde and glycine 
(Table V). The decrease in threonine or allothreonine was measured by 
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pH 
Fig. 3. pH-activity curves of threonine aldolases. The curves show that the op- 
timal pH is the same for both the decomposition of the threonines and for their re- 
synthesis. 


the periodate reaction, the acetaldehyde formed by the usual assay method, 
and the glycine formed by cleavage with ninhydrin and estimation of the 
formaldehyde produced with chromotropic acid (10). 

Substrate Affinity—The enzyme-substrate dissociation constants for 
threonine and allothreonine were determined in the usual manner from 
Lineweaver-Burk plots. The pu forms of the amino acids were employed 
in the tests because of the unavailability of the resolved amino acids, but 
the constants were calculated for the L-amino acids, since the p forms are 
not enzymatically cleaved (3). The K, values found for threonine and 
allothreonine as substrates were 69 X 10-* mM and 4.35 X 107% M, respec- 
tively. The K, values for the reaction of PLP with these enzymes are 
given above. 
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In studies with a rat liver preparation, Lin and Greenberg obtained K, 
figures of 25 X 10-3 for L-threonine and 1 X 10? for L-allothreonine. 

Failure to Show Other Cofactor Requirements—No inhibitory effect on 
the aldolases was observed after treatment of the enzymes with EDTA, 
2,2-bipyridine, 8-hydroxyquinoline, ascorbic acid, or BAL. Likewise, no 
activation of the aldolases was obtained after the addition of all metals5 
of physiological importance, or of chromium or aluminum. 

PLP and tetrahydrofolic acid have been found to be cofactors for the 
reaction of the formation of serine from glycine and formaldehyde (11). 
It was not possible in our work to show the presence of cofactors other 
than PLP for the threonine aldolases. Materials which were tested for 


TABLE V 
Formation of Equivalent Amounts of Acetaldehyde and Glycine from 
Threonine and Allothreonine 
Reaction components: 10 pmoles of pL-threonine or DL-allothreonine, 30 mg. of en- 
zyme protein, 0.1 umole of PLP, 10~ m phosphate buffer, pH 7.6, to give a volume 
of 2.5 ml. per flask. 


Initial Final 
Substrate Glycine Substrate Glycine 
umole pmole pumoles pmoles 
Threonine, 10 uwmoles. 0.0 0.0 Threonine, 9.7 
pmoles............| 0.18 0.21 
Allothreonine, 10 Allothreonine, 7.9 
0.0 0.0 umoles............ 2.0 2.1 


both the synthesis and the breakdown of threonine and allothreonine were 
extracts of yeast and liver, folic acid and ATP, citrovorum factor and 
ATP, tetrahydrofolic acid and ATP, coenzyme A and reduced diphos- 
pyridine nucleotide, and acetyl phosphate. 

Test for Other Substrates—A number of naturally occurring hydroxy 
compounds and aldehydes were tested to determine whether they could 
serve as substrates for the partially purified threonine aldolases. This 
possibility was indicated by the fact that Braunshtein and Vilenkina (2) 
observed the formation of glycine from a number of hydroxyamino acids, 
and that Gilbert (12) has reported the decomposition of threo- and erythro- 
phenylserine to benzaldehyde and glycine by crude liver extracts. Formal- 


dehyde, propionaldehyde, and acetone possessed no activity when incu- 


5 The activity of the threonine aldolases was found to be markedly increased 
(about doubled) at lowered ionic strengths of the medium. The reduction in activity 
with increased ionic strength could be counteracted by preincubation with PLP. 
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bated with glycine, PLP, and the purified enzymes. Serine, homoserine, 
epinephrine, alanine, lactic acid, glycolic acid, and phosphothreonine pro- 
duce no detectable volatile carbonyl decomposition products. 

The effect of substrate concentration on the activity of the enzymes was 
investigated with acetaldehyde. <A rather narrow range of concentration 
was found for optimal enzyme activity, and the reaction rate fell off quite 
rapidly when the optimal concentration (0.017 mM) was exceeded. Acetal- 
dehyde concentrations in excess of 0.02 mM produced visible denaturation 
of the protein solution. 


TABLE VI 


Determination of Apparent Equilibrium Constant of Allothreonine Formation 


Allothreonine, mM X 103 | Glycine, mM X 103 | Acetaldehyde, m X 10% 

| 

Initial Final Initial Final Initial Final 

1* 2.38 0.26 0 2.09 0 2.00 62.5 

27 0 2.64 9.55 6.60 9.55 6.60 58.9 

3t 2.38 0.24 0 2.10 0 2.10 52.0 

4§ 2.38 0.25 0 | 2.14 0 2.14 51.0 


* Reaction components and conditions: 10 wmoles of pL-allothreonine, 0.1 umole 
of PLP, 30 mg. of enzyme protein, 10-3 m phosphate buffer, to give 2.1 ml. per vial. 
Incubation time, 2.5 hours. 

Tt Reaction components and conditions were the same as those in Experiment 1, 
except for 20 wmoles of acetaldehyde and 20 uwmoles of glycine in place of pL-allo- 
threonine. 

t Reaction components and conditions were the same as those in Experiment 1, 
except for 60 mg. of enzyme protein. 

§ Reaction components and conditions were the same as those in Experiment 1, 
except for 90 mg. of enzyme protein. 


Reversibility and Equilibrium of Reaction 


The synthesis of threonine from acetaldehyde and glycine was shown to 
occur non-enzymatically by Metzler et a/. (13) and has been reported to 
take place enzymatically by Gilbert (4). The reversibility of the reaction 
was verified by us, and experiments were performed to determine the 
equilibrium constant defined as 


(allothreonine) 
~ (acetaldehyde) (glycine) 


eq 


In these experiments it was assumed that the increase in acetaldehyde 
was equivalent to the decrease in allothreonine concentration in the for- 
ward reaction. ‘This assumption is supported by the stoichiometry of the 
reaction (Table V). 
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In the reverse reaction, allothreonine formation was assumed to equal 
the quantity of material which reacted with periodate minus the amount 
of threonine present, as determined by biological assay. This assumption 
was checked by quantitative paper chromatography, with a solvent mix- 
ture of butanol, water, acetone, and ammonia (1:0.75:0.12:0.12) (14). The 
data are reported in Table VI. K,, values of 51.0, 52.0, and 58.9 were 
calculated for three different concentrations of enzyme at pH 7.6 for the 
forward reaction. With the reverse reaction a value of 62.5 was obtained. 
It is possible that the final equilibrium position was not quite achieved in 
either direction, and that the best value of the equilibrium constant is an 
average of the above figures, about 56. 

Calculation of the equilibrium constant for threonine was unsatisfactory, 
giving no agreement in the figures for the reaction in the forward and re- 
verse direction. 

DISCUSSION 

The evidence reported in this work suggests that two separate enzymes 
are involved in both the decomposition and synthesis of threonine and 
allothreonine, although it has not been possible up to now to separate com- 
pletely the two enzyme activities. This evidence consists of the variation 
in the activity ratio on the two substrates upon fractionation and differ- 
ences in the response under various experimental conditions. 

A possible mechanism for threonine and allothreonine breakdown which 
involved the participation of pyridoxal and metal ions, v7z. iron, aluminum, 
or chromium, was presented by Metzler et al. (13). The threonine aldo- 
lases are activated by PLP. However, no metal ion or other organic co- 
factor requirement could be shown, and no inhibition could be produced 
by chelating agents. The negative results with metal ions and sequester- 
ing agents cannot rule out the possibility that a metal ion may be a cofac- 
tor for crystalline aldolases, but, at the present time, an earlier mechanism 
of reaction (15) which does not involve the participation of a metal ion 
can explain the experimental findings. 

The presence of allothreonine aldolase cannot be readily explained by 
the existing data for this amino acid. Allothreonine is not a naturally oc- 
curring amino acid;® it cannot prevent the formation of fatty livers on 
threonine-deficient diets (17), and is a compound for which no biochemical 
significance has been adduced. This poses the possibility that allothreo- 
nine is not the natural substrate for this enzyme and that its breakdown 
is merely an artifact. 

6 Tests performed in our laboratory to demonstrate the incorporation of pL-allo- 
threonine-1,2-C' into protein of the body tissues, and a survey of some naturally 


occurring plant and animal proteins for the presence of allothreonine, yielded com- 
pletely negative results (for experimental details, see Karasek (16)). 


ole 
lal, 

l, 
lo- 

l, 
to 
to 
yn 
he 


204 THREONINE ALDOLASES 


The implications of the reversibility of threonine breakdown for metabo- 
lism deserve comment. Threonine can be synthesized in vitro from acet- 
aldehyde and glycine by enzymes from rat and sheep liver. Also, the 
magnitude of the equilibrium constant favors the synthetic reaction (for 
allothreonine), although not as strongly as was found for the corresponding 
reaction for the biosynthesis of serine from formaldehyde and glycine (11), 
viz. Keg = 2.76 X 10°, as against 56. 

The reason for the indispensability of threonine in the diet of mammals 
may possibly be the lack of a known metabolic pathway that can produce 
sufficient quantities of acetaldehyde to favor a rate of synthesis of threonine 
adequate to meet the nutritional requirement.’ It should be noted, how- 
ever, that, in spite of the favorable equilibrium constant for synthesis, at 
concentrations normal for biological material the decomposition of the 
threonines rather than synthesis would be greatly favored. Meltzer and 
Sprinson (18), from a study of the fates of L-threonine labeled with C™ and 
N}5, concluded that one-fifth to one-third of dietary threonine is cleaved 
in the rat to glycine. From this result it has been inferred that the major 
pathway of threonine dissimilation is by way of the threonine aldolase 
reaction. The weak activity of threonine decomposition and the high 
activity of threonine dehydrase (19) found in liver make this a dubious 
conclusion. In addition, it has been found that threonine dehydrase is 
inducible and is increased in activity by threonine administration (20), 
while the threonine aldolases are not. 


SUMMARY 


1. Evidence has been secured for the presence of two distinct enzymes 
in sheep liver that cleave threonine and allothreonine to glycine and acet- 
aldehyde. The rate of decomposition of threonine in crude preparations 
is one-twentieth of that of allothreonine. The specificity of each reaction 
is confirmed by the differences in the effects on the two substrates of en- 
zyme concentration, incubation time, pyridoxal phosphate activation, 
inhibition by chemical analogues, and ammonium sulfate fractionation. 

2. The only cofactor requirement detected was for pyridoxal phosphate. 
Other vitamin Bs derivatives were ineffective. No requirement could be 
demonstrated for metal ions or other organic cofactors. 

3. Evidence was secured for the reversibility of both reactions, and the 
equilibrium constant for the cleavage of allothreonine was measured. 

4. The general properties of threonine and allothreonine aldolases were 


7 An attempt to replace or reduce the dietary requirement for threonine by ad- 
ministering drinking water containing 0.5 per cent glycine and 10 per cent ethanol on 
a threonine-deficient diet failed to show any substitution for threonine, as evidenced 
by the weight response (for experimental details, see Karasek (16)). 
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studied. The pH optima, effect of ionic strength, and stability were simi- 
lar for both. The enzyme-substrate dissociation constants of pyridoxal 
phosphate for the two enzyme activities and of threonine and allothreonine 
have been determined. 


5. Experiments with p-chloromercuribenzoate, iodoacetate, O-iodoso- 


benzoate, glutathione, cysteine, and dimercaptopropanol showed that both 
enzymes required free —SH groups for enzyme activity. 
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CORTICOTROPINS 


XIII. IDENTIFICATION OF CERTAIN PEPTIDES IN PARTIAL 
ACID HYDROLYSATES OF a-CORTICOTROPIN (a-ACTH)* 


By CHOH HAO LI, R. DAVID COLE,t DAVID CHUNG, 
anp JOSE LEONISt 


(From the Hormone Research Laboratory and the Department of Biochemistry, 
University of California, Berkeley, California) 


(Received for publication, January 21, 1957) 


The complete amino acid sequence of a-corticotropin (a-ACTH) has 
recently been reported (1). In order to establish this sequence, investiga- 
tion of peptide fragments obtained by partial acid hydrolysis of the dini- 
trophenyl (DNP) derivative of the peptide hormone had been undertaken. 
In addition, in order to confirm the sequence of certain of the amino acids, 
peptide fragments derived from partial acid hydrolysis of a-ACTH itself 
were also recently investigated. Such studies were felt to be of particular 
importance in order to ascertain whether transpeptidation near the basic 
amino acids had occurred during the enzymatic digestion in the course of 
the structural investigation (1). 


EXPERIMENTAL 


Analysis of Peptides Obtained from DNP a-ACTH—40 mg. of DNP a- 
ACTH (2) were suspended in 0.5 ml. of constant boiling HCl, in a test tube 
subsequently sealed under a vacuum, and were maintained at 110° for 5 
hours, until dissolution was complete. The DNP peptides were then 
removed from the hydrolysate by successive extractions three times with 
diethyl ether, three times with ethyl acetate, and once with n-butanol. 
Each of these extracts, and the remaining aqueous phase, was evaporated 
to dryness and submitted to paper chromatography in the solvent system 
tert-amy] alcohol-isoamy] alcohol-3 per cent NHsOH (2:1:3) (see Fig. 1). 

Spots 1 to6 from the butanol extract (Fig. 1, B) and Spots 1 to 8 from the 
aqueous phase (Fig. 1, W) were cut from the paper, and the compounds were 
eluted with 3 per cent NH,OH. The eluates were then chromatographed 
_ on paper with a phosphate buffer (1.6 M, pH 7) as the developer (Figs. 2 and 
3). In most instances, single spots from amyl alcohol chromatograms 


* This work was supported in part by grants from the National Institutes of 
Health of the United States Public Health Service (grant No. G2907) and the Albert 


and Mary Lasker Foundation. 
t Present address, The Rockefeller Institute for Medical Research, New York. 
t On leave from the University of Brussels, Belgium, on a Fulbright Fellowship. 
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could be resolved into two components (1 and la, 2 and 2a, etc.), which 
were cut out separately and eluted. The compounds in each of the eluates 
were dinitrophenylated in order to substitute the a-amino group, acidified 
to pH 1, and again fractionated by extraction in the same way with diethy] 
ether, ethyl acetate, and n-butanol. The dinitrophenylation is usually 
carried out as follows: The peptides are dissolved in 0.5 ml. of 5 per cent 


re) 
* 


E=ether extract A=ethyl acetate extract 

B= butanol extract W=woter phase 

Solvent: t-amyl alcohol/i-amyl alcohol/ 3% 
NH,aq (2:133) 


Fic. 1. Paper chromatogram of extracts from partial acid hydrolysate of DNP 
a-corticotropin. 


NaHCOs;, and 1.0 ml. of a 2 per cent solution of dinitrofluorobenzene 
(DNFB) in EtOH (v/v) is added. The mixture is shaken at room tem- 
perature for 3 hours (4 hours for amino acid analyses) and is then diluted 
with 2 volumes of water and extracted three times with diethyl ether to 
remove excess DNFB and other side products of the reaction; after acidi- 
fication of the resulting solution with 2 drops of concentrated HCl, extrac- 
tion (three times) is performed with diethyl ether. 

The material obtained from the origin of the chromatogram of the 
aqueous phase (Spot 0, Fig. 1) contained most of the peptides from the 
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original hydrolysate that were not dinitrophenylated. This mixture was 
then submitted to dinitrophenylation and fractionated by extraction as 
described above, and was finally separated by chromatography in a two- 
dimensional system (3). The complexity of this fraction is illustrated in 
Fig. 4. The materials obtained in this manner, as well as the other DNP 
peptide fractions mentioned above, were submitted to complete hydrol- 
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Fic. 2. Paper chromatogram of DNP peptides in the butanol extract, previously 
separated by paper chromatography (see Fig. 1). DNPOH, dinitrophenol. 


ysis (with constant boiling HCI, at 110° for 16 to 30 hours, in tubes sealed 
under a vacuum), followed by extraction with diethyl ether. The DNP 
amino acids thus extracted, which represent N-terminal residues of the 
corresponding peptides, were identified by means of paper chromatography 
(3). The aqueous phase remaining after the extraction contained free 
amino acids, O-DNP tyrosine and mono-DNP derivatives of basic amino 
acids. These were identified on paper by using the butanol-acetic acid- 
water (4:1:5) system (4); the amino acid concentration was estimated 
from the intensity of ninhydrin color of each spot of the chromatogram. 
When a single a-DNP amino acid was obtained from a hydrolysate of 
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peptide material, it was assumed that the hydrolysate was derived from a 
single peptide. 

Analysis of Peptides Obtained from a-Corticotropin—25 mg. of a-ACTH 
(5) were dissolved in 0.5 ml. of concentrated HCl and incubated at 40° 
for 4 days. The solution was then evaporated three times to dryness, 
in vacuo over NaOH, in order to remove all excess HCl. Finally, the resi- 
due was redissolved in 0.5 ml. of H,O, and the solution was applied to a 


DNPOH 
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Cha 


Fig. 3. Paper chromatogram of DNP peptides in the aqueous phase, previously 
separated by paper chromatography (see Fig. 1). 


large sheet of Whatman No. 3 MM filter paper for electrophoretic separa- 
tion in a Spinco apparatus (6) at 200 volts for 7 hours in pH 6.5, collidine- 
acetic acid buffer (7) at room temperature. After the paper was dried, 
two narrow strips were excised for development with ninhydrin and for 
detection of arginine by the Sakaguchi reaction (8). Fig. 5 shows the 
ninhydrin pattern from the origin to the cathode; a solid dot indicates the 
presence of arginine. 

With this pattern as a guide, the remainder of the sheet was cut, and the 
strips were eluted with 3 per cent NH,OH. The solvent was evaporated 
and the residues were then redissolved in water. An aliquot from each of 
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these solutions (approximately 0.04 of the total) was applied to a sheet of 
Whatman No. 1 filter paper and developed for 16 hours in the system con- 
sisting of n-butanol-acetic acid-pyridine-water (30:6:20:24 by volume) 


Toluene 


Fic. 4. Paper chromatogram of the ether extract after dinitrophenylation of 
peptides in Spot W-0 (see Fig. 1). 


Origin 

© 

Fic. 5. Zone electrophoresis on paper of partial acid hydrolysate of a-cortico- 
tropin; solvent, n-butanol-acetic acid-pyridine-water (30:6:20:24 by volume); 200 


volts for 7 hours. The dots indicate zones which gave a positive test for arginine by 
the Sakaguchi reaction. 


(9). Fig. 6 shows the pattern revealed by the ninhydrin and Sakaguchi 
reactions. Each of the remaining solutions was then applied separately in 
a strip across a large sheet of paper for chromatography in the n-butanol- 
acetic acid-pyridine-water system. The bands thus obtained were cut out 
and eluted with 3 per cent NH,OH, and the chromatography was repeated 
in the system n-butanol-formic acid-water (75:10:15 by volume) (72 hour 
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run). Fig. 7 shows the resulting, and final, separation. It should be 
noted that only the spots heavily colored by ninhydrin (shaded in the 
diagrams) were eluted and investigated. 

The homogeneity of the resulting peptides was further confirmed by 
evidence of the presence after dinitrophenylation of a single N-terminal] 


<————— n-Butanol-HOAc-Pyr-H,0 (30-6-20-24) 


Fic. 6. Paper chromatogram of arginine-containing fractions obtained by zone 
electrophoresis (see Fig. 5). There should also be a solid dot in the center of 2a. 


amino acid. When acidified solutions of the DNP peptides were extracted _ 
with diethyl ether, all the yellow color generally remained in the acidic © 


aqueous phases (except for the peptides represented by Spots 2b, 4b, and 
4c in Experiment II (see Table I), which were ether-soluble) ; this behavior 
is to be expected for peptides that contain arginine. The yellow-colored 
fractions were evaporated to dryness and hydrolyzed with HC] as described 
above. The resulting hydrolysates were extracted with ether, and the 
ether-soluble DNP amino acids were quantitatively estimated by paper 
chromatography (3). An aliquot of those DNP peptide hydrolysates that 
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Arg 4d 4c 4b 3b 2d 2c 2b 2a Ib ta Lys 


<—— n-Butanol-HCOOH-H,0 (75-10-15) 


Fic. 7. Paper chromatogram of fractions eluted from the spots shown in Fig. 6 


TaBLeE I 


Analysis of Some Peptides from Paper Chromatograms of Partial Acid Hydrolysis of 
a-Corticotropin after Preliminary Separation by Paper Electrophoresis 


Experiment No. | Peptide No.* | ain + my Residual amino acidst | Probable sequence 
| 
| Lys | Arg Arg 
| 1,2a Arg  Arg.Arg 
| 4b | Phe Arg, (Try)  Phe(Arg, Try) 
II | la | Lys Lys, Arg, Arg | Lys(Lys, Arg, Arg) 

Arg | Arg Arg. Arg 
2d | Phe |  Phe.Arg 
3b | Arg | Pro Arg. Pro 
4b | Lys Val Lys(Pro, Val) 
4e Val Lys. Val 

| 2b 6 None | Lys 

| 2c Arg 

*See Fig. 7. 


t Amino acid present in the aqueous phase after ether extraction of the acid hydrol- 


Ysis. 


did not give a yellow-colored ether extract was applied to the n-butanol- 
formic acid-water system for the estimation of DNP arginine, since the 
latter is not ether-soluble. The aqueous acid hydrolysates were then 
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evaporated and again dinitrophenylated for the quantitative estimation 
of the amino acid composition of the peptide (minus the N-terminal 
amino acid). 


Results 


DNP a-Corticotropin—Most spots in the paper chromatograms (I*igs. 1] 
to 4) obtained from the partial acid hydrolysate of DNP a-ACTH con- 
tained either mixtures of peptides or peptides which were too complex to 
yield a conclusive identification; nine of these spots, however, seemed to 


TaBLeE II 


Analysis of Some DNP Peptides Obtained from Partial Acid Hydrolysis 
of DNP a-Corticotropin 


Peptide No. x -Terminal residue Residual amino acids* | Probable sequence 
B-2t  di-DNP-Lys | Pro, Val,Gly Lys(Pro, Val, Gly) 
B-3t Val, Tyr, Pro Lys(Val, Tyr, Pro) 
B-4f DNPOH?{ Pro, Val,e-DNP-Lys Pro(Val, Lys) 

B-5tf Pro, Val2, Tyr, e-DNP-Lys Pro(Val, Lys, Val, Tyr) 
W-01§ DNP-Arg, Pro Arg.Pro 

W-03§ DNPOHt DNP-Lys, Pro, Val, Gly Gly (Lys, Pro, Val, Gly) 
W-04§ | DNP-Ala Gly, Glu, Asp Ala(Gly, Glu, Asp) 
W-2|| di-DNP-Lys | Arg Lys. Arg 

W-3| Val _Lys.Val 


* Amino acid present in the aqueous phase after ether extraction of the acid 
hydrolysate of the DNP peptide. 

t See Fig. 2. 

t DNP proline and DNP glycine are known to decompose under the conditions 
of hydrolysis to give rise to dinitrophenol (DNPOH). 

§ See Fig. 4. 

|| See Fig. 3. 


arise from single peptides whose structure could be deduced (Table II). 
Among these peptides, W-04 (Table II) is the only one containing neither 
arginine nor lysine and probably represents the tetrapeptide occupying 
positions 25 to 28 in the a-ACTH molecule (1). 

Since one of the two tyrosine residues known to occur in the a-ACTH 
molecule is located at the N-terminus in the sequence Ser. Tyr.Ser., etc. 
(10), and since from their amino acid composition it is evident that pep- 
tides B-3 and B-5 (Table II) are not derived from the N-terminus, both 
the tyrosines found in these peptides must represent the second tyrosine 
residue. Thus, it is possible to assume the existence of the sequence 
Pro. Val. Lys. Val(Tyr,Pro). Finally, the sequence Gly.Lys(Pro, Val,- 
Gly) may be formulated from the probable sequence of the peptides Br2 
and W-03. 
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a-Corticotropin—Two separate experiments with two different prepara- 
tions of a-corticotropin were carried out. Although the conditions used 
for hydrolysis were the same, the patterns obtained were not identical with 
respect to the nature and the amount of each peptide. This is to be ex- 
pected, as it is well known that partial acid hydrolysis of proteins or pep- 
tides is far from being a reaction with high specificity. 

The peptides which were investigated were those giving strong ninhydrin 
and Sakaguchi reactions. Most of them were found to be homogeneous 
after paper chromatography; Table I shows the results of these analyses. 
It should be noted that peptides 2d of Experiment II and 4b of Experiment 
I (Table I) were identical as far as the results of the amino acid analyses 
were concerned. However, because of the difference in their mobilities in 
paper electrophoresis and of their Ry values in paper chromatography, it 
was concluded that 4b (Experiment I) is more ‘‘fatty”’ and less ‘‘basic”’ 
than 2d (Experiment II). From evidence previously reported (1), it 
appears that peptide 2d (Experiment II) is Phe. Arg while 4b (Experiment 
I) is Phe(Arg,Try), the tryptophan being destroyed during the acid 
hydrolysis and consequently not appearing in the analysis. Since from 
chymotryptic digests of a-ACTH the sequence Arg.Try was identified 
(1), and since only 1 tryptophan residue occurs in the molecule (11), the 
sequence Phe. Arg.Try may therefore be assumed to occur in the peptide 
hormone. From peptides 1b and 2a (Experiment I) and 2a and la, 
Experiment II, it is evident that a sequence, Lys. Lys. Arg.Arg, can be 
established. 


SUMMARY 


Peptides containing lysine and arginine derived from the partial acid 
hydrolysis of a-corticotropin and dinitropheny] a-corticotropin have been 
isolated by chromatographic and electrophoretic procedures. The fol- 
lowing sequences have been identified: Lys. Arg, Arg. Pro, Pro. Val. Lys.- 
Val(Tyr, Pro), Gly. Lys(Pro, Val,Gly), Ala(Gly ,Glu, Asp), Lys. Val, Lys- 
(Pro, Val), Phe.Arg.Try, and Lys. Lys.Arg.Arg. Since these sequences 
are consistent with the proposed amino acid sequence for a-corticotropin 
(1) as derived from enzymatic digests, it seems unlikely that transpeptida- 
tion by the enzymes employed for hydrolysis of the peptide hormone has 
occurred. 
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CHARACTERISTICS OF THE INHIBITION BY ETHIONINE OF 
THE INCORPORATION OF METHIONINE INTO PROTEINS 
OF THE EHRLICH ASCITES CARCINOMA IN VITRO* 


By M. RABINOVITZ, MARGARET E. OLSON, 
anD DAVID M. GREENBERG 


(From the Department of Physiological Chemistry, University of California 
School of Medicine, Berkeley, California) 


(Received for publication, January 14, 1957) 


The principal characteristic of an antimetabolite is its ability to block 
the normal functions of the corresponding natural metabolite. The tox- 
icity of several antimetabolites, however, appears to be due to a product 
which arises only after the antimetabolite has been transformed by enzy- 
matic reactions which are normally reserved for the natural metabolite (2). 
In support of this concept, Levine and Tarver (3) demonstrated that la- 
beled ethionine is incorporated into the mixed proteins of rat tissues, and 
suggested that its toxicity may in part be due to the newly formed unnat- 
ural proteins. Subsequently, peptides containing ethionine (4) and p- 
fluorophenylalanine (5) have been isolated from proteins of 7'etrahymena 
pyriformis and Lactobacillus arabinosus after these organisms had been 
grown in media that contain the respective analogues. More recently, re- 
ports have appeared that Escherichia coli can synthesize proteins contain- 
ing either azatryptophan (6) or p-fluorophenylalanine (7). 

The observation that amino acid analogues may become incorporated 
into protein made it desirable to determine some quantitative character- 
istics of this process. This was of particular interest since ethionine did 
not block the incorporation of radioactive leucine into the protein of rat 
liver microsomes (8), nor did phenylalanine analogues prevent the incor- 
poration of several amino acids into the protein of Ehrlich ascites cells (9). 
If amino acid analogues can enter protein by substituting for their natural 
metabolite, it might be possible to explain their failure to inhibit amino 
acid incorporation into proteins, particularly in cases in which only trace 
levels of such protein may be formed. This communication describes the 
relationship between methionine and ethionine in the protein-synthetic 
mechanism of Ehrlich ascites cells under in vitro conditions. 


* Aided by grants from the Damon Runyon Memorial Fund for Cancer Research, 
Inc., and the Cancer Research Funds of the University of California. A preliminary 
report of this work has been presented (1). 
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EXPERIMENTAL 
Methods 


The radioactive amino acids other than methionine and ethionine were 
previously described (9). L-Methionine-methyl-C™, 5.6 we. per mg., was 
obtained from the Isotopes Specialties Company, Inc., Burbank, California. 
The t-ethionine-1-ethyl-C™, 7.4 we. per mg., was kindly provided by Dr. 
Gross and Dr. Tarver, who have described its preparation (4). Non-ra- 
dioactive L-ethionine and L-methionine, which were mixed with their 


radioactive counterparts to obtain the required specific activities, were | 
purchased from the California Foundation for Biochemical Research, Los — 


Angeles. 


Methionine Leucine 


C 
ror 
o 


Amino Acid Molarity 


Fic. 1. Double reciprocal plot showing competitive inhibition by ethionine of | 


methionine and leucine incorporation into Ehrlich ascites cell protein. Curves 1, 
inhibition by L-ethionine, 5 X 10-* m; Curves 2, uninhibited incorporation. Incor- 
poration is expressed as micromoles of amino acid incorporated per gm. of protein 
during the 15 minute incubation period. 


Incubations, protein isolation, and counting procedures were carried 
out as previously described (9). In addition, all protein samples con- 


taining labeled methionine or ethionine were dissolved in formic acid and 


oxidized by the addition of hydrogen peroxide (9). The preparations of 
the proteins obtained in this manner had constant specific activity upon 
repetition of this process. 

Characteristics of Inhibition by Ethionine—The incorporation of radio- 


active methionine into Ehrlich ascites cell protein was inhibited by ethio- | 


nine. As shown in Fig. 1, this inhibition was competitive. Ethionine also 


inhibited the incorporation of other amino acids. However, as in the case 
of phenylalanine antagonists (9), their inhibition could be relieved by 
merely increasing the concentration of the amino acid being incorporated. | 


This competitive inhibition by ethionine of the incorporation of amino 
acids other than methionine is also illustrated in Fig. 1 by its effect on 
leucine incorporation. If incorporation of radioactive amino acids reflects 
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protein synthesis, and if ethionine blocks this process, one would anticipate 
a non-competitive inhibition of incorporation of amino acids other than 
methionine. ‘The following observations support the concept that ethio- 
nine does not inhibit protein synthesis in vitro in this cell system, but by 
displacing methionine participates in the formation of an unnatural pro- 
tein. 

Energy Requirements for Ethionine Incorporation—Ethionine is incor- 
porated into Ehrlich ascites cell protein. Table I shows that this occurred 
under anaerobic conditions only when supported by active glycolysis. 
Also, under aerobic conditions, ethionine incorporation was inhibited by 
low concentrations of dinitrophenol. These data indicate that, as in the 
case of the natural amino acids (10), the incorporation of ethionine requires 
a source of energy. 


TABLE I 
Energy Requirement for Ethionine Incorporation into Ehrlich Ascites Cell Protein 


Aerobic Anaerobic 


Uninhibited Glucose, 0.015 Without glucose 


0.70 + 0.00* 0.40 + 0.01 0.365 + 0.005 0.027 + 0.004 


* Incorporation is expressed as micromoles of ethionine incorporated per gm. of 
protein during the 1 hour incubation + deviation from the mean of duplicate incuba- 
tions. The L-ethionine concentration was 5 X 1073 m. 


Ethionine, Competitive Substrate for Methionine—Ethionine was effec- 
tively incorporated into Ehrlich ascites cell protein only when it was pres- 
ent in concentrations high enough to inhibit methionine incorporation. 
Unlike methionine, the incorporation of ethionine was markedly dependent 
upon its concentration (Fig. 2). The calculated ratio of the apparent 
Michaelis-Menten constants for the incorporation of methionine and ethio- 
nine indicated that the affinity of the Ehrlich ascites cell for incorporation 
of methionine was 600 times that for ethionine. In contrast to the marked 
difference in affinities, the identity of the intercepts on the reciprocal in- 
corporation axis (Fig. 2) may be interpreted as indicating that the capacity 
of the protein-forming systems for the incorporation of these two amino 
acids was identical. This equivalence of incorporative capacities implies 
that the same sites are involved in both methionine and ethionine incor- 
poration. 

The above conclusion was confirmed by a balance study in which the 
inhibition of methionine incorporation and the concurrent incorporation 
of ethionine were compared. This balance is shown for three methionine 
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concentrations in Table II. The data in line 2 of this table show that, 
in the presence of very low concentrations of added methionine, more 
ethionine was incorporated (0.25 umole) than could be accounted for 
by the corresponding loss in methionine incorporation (0.11 umole). 


20+ 
L-Ethionine 
a 
10k 
Cc 
L-Methionine 
2 
io? 
Molarity 


Fic. 2. The effect of concentration of radioactive L-methionine and L-ethionine | 
upon their incorporation into Ehrlich ascites cell protein. Incorporation is ex- — 


pressed as in Fig. 1. 


TABLE II 


Competition between Methionine and Ethionine for Incorporation 
into Protein of Ehrlich Ascites Cells 


I ion, ’ i 
L-Methionine t-Methionine-C“ 
Lt-Ethionine-C*, 
With 5 X 
Alone L-ethionine-C??, 
5 X 10°? 

0.0 xX 10% | 
0.0082 10-3 | | | 
0.0205 X 1073 | 0.45 | 0.28 | 0.20 
0.123 xX 10-3 | 0.57 0.47 | 0.08 


| | | 


The difference may be due to the incorporation of endogenous cellular 
methionine. A stoichiometric relationship between ethionine incorpora- © 


tion and loss in methionine incorporation was obtained when the higher 
concentrations of methionine were used. 

Characteristics of Incorporated Ethionine—Incorporated ethionine is dis- 
tributed between the buffer-soluble proteins and the proteins of the cell 
particles to about the same extent as methionine (Table III). No evi- 
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dence could be found for the accumulation of ethionine in the particle frac- 
tion of the Ehrlich ascites cell, which contains the ribonucleoprotein re- 
ported to be engaged in the preliminary step of amino acid incorporation 
(11). This may be taken as an indication that ethionine is rapidly in- 
corporated into the completed protein. Furthermore, as shown in Fig. 3, 
only a small fraction of incorporated ethionine (about 10 per cent) is re- 
leased from protein in cells which are actively incorporating methionine. 
In view of the much greater affinity of the cells for the natural substrate 
and the prolonged time of incubation with methionine, one might antici- 
pate that exchangeable ethionine would be more readily displaced. The 


TABLE III 


Distribution of Incorporated Methionine and Ethionine between 
Particulate and Soluble Proteins of Ehrlich Ascites Cells 


Incorporation, umole per gm. protein 


t-Methionine, 0.0082 K 1073 w Lt-Ethionine, 5 X 1073 


Soluble protein Particulate protein | Soluble protein Particulate protein 


0.19 + 0.006* 0.18 + 0.009 0.27 + 0.015 0.26 + 0.003 


* Standard error of the mean of triplicate incubations. The concentrations of 
methionine and ethionine were adjusted to give the same order of incorporation 
during the 15 minute incubation period. After the incubation, the cells, together 
with their medium, were cooled in ice and then exposed for 3 to 4 minutes in a Ray- 
theon 9 ke. magnetostriction oscillator at full power. The particulate matter was 
then centrifuged at 100,000 * g for 90 minutes. 


released ethionine may arise from the breakdown of unnatural protein 
within the cell (3, 12). 

Ethionine Incorporation As Aberrant Protein Synthesis—We have pre- 
viously reported that the incorporation of some natural amino acids is 
inhibited by analogues of other amino acids and that the inhibition can be 
prevented only by the presence of the corresponding metabolite (13). The 
incorporation of ethionine was also inhibited by such analogues. As 
shown in Table IV, O-methylthreonine (14) and 6-hydroxylysine (15) 
partially inhibited the incorporation of ethionine; this inhibition could be 
prevented by isoleucine and glutamine, respectively. Methionine sulfoxi- 
mine, which, like 6-hydroxylysine, inhibits protein synthesis by blocking 
glutamine synthesis (16), was not an effective inhibitor of ethionine incor- 
poration. This may be due to prevention by ethionine of the absorption 
of methionine sulfoximine by the cell, a phenomenon common among 
amino acids of similar structure (17). 
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Ethionine 
[J Methionine 


Protein 


Incorp. g 


First Subsequent 

Yo Hour 2¥2 Hours 
Fig. 3. An attempt to displace ethionine incorporated into Ehrlich ascites cell 
protein by methionine. Ehrlich ascites cells were incubated with 10 wmoles of L-eth- 
ionine in 2 ml. of buffer for 30 minutes, then 10 umoles of L-methionine in 0.2 ml. were 
added. When radioactive, this methionine was incorporated during the subsequent 
2.5 hours as shown. When the methionine was not radioactive, the amount of ethi- 
onine released is shown beneath the bar for methionine. 20 umoles of sodium py- 
ruvate were present in all flasks to support respiration during the prolonged incuba- 

tion. 


TaBLeE IV 
Inhibition of Ethionine Incorporation into Ehrlich Ascites Cell Protein by 
O-Methylthreonine and 5-Hydrozylysine and Its Prevention 
by Isoleucine and Glutamine, Respectively 


Incorporation of L-ethionine, umole per gm. protein per 15 min. incubation period 


Uninhibited With O-methyl- With 5-hy- With 
control threonine eens ane droxylysine droxylysine glutamine 


and glutamine 


0.23 + 0.005* 0.17 + 0.004 0.20 + 0.009 0.19 + 0.010.26 + 0.0040. 26 + 0.009 

* Deviation from the mean of duplicate determinations. The concentrations were 
L-ethionine, 5 X 10-3 m; O-methyl-p.L-threonine, 2 M; L-isoleucine, 5 K 1074 M; 
é6-hydroxy-pL-lysine, 2 X 10-3 m; L-glutamine, 5 X 10-4 M. 


DISCUSSION 


The behavior of amino acid antagonists as competitive substrates ap- 
pears to be the most common action of such analogues on the amino acid- 
incorporating system of Ehrlich ascites cells. This effect explains the 
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previously reported independent antagonism of phenylalanine by o-fluoro- 
phenylalanine and 8-2-thienylalanine (9). Many other amino acid ana- 
logues also inhibit only the incorporation of their respective metabolites 
without blocking the incorporation of other amino acids.' Two other 
types of antagonism have also been found, the direct inhibition of protein 
synthesis by O-methylthreonine, an isoleucine antagonist (14), and the in- 
direct inhibition of synthesis, through the prevention of formation of 
glutamine, an essential amino acid in the Ehrlich ascites cell (16). 

After observing that radioactive ethionine is incorporated into proteins 
of the rat, Levine and Tarver (3) speculated that some of the metabolic 
effects of ethionine may be ascribed to the toxicity of the unnatural pro- 
teins formed. The work reported here, together with similar studies on 
microorganisms (4—6), supports the probability of their conclusion. How- 
ever, the analogues may enter only the more non-discriminating proteins 
and block the formation of those which will not accept minor structural 
modifications. This appears to be the case in growth studies with L. arab- 
inosus, in which p-fluorophenylalanine will support growth only when the 
medium contains suboptimal levels of phenylalanine (5). This point is 
also supported by the observations of Pardee, Shore, and Prestidge, who 
reported (6) that some enzymes may be formed in the presence of azatryp- 
tophan whereas others are formed either in an inactive state or not at all. 

The low affinity for the incorporation of ethionine by the Ehrlich ascites 
cell (g$o that of methionine) and the resulting higher concentrations neces- 
sary to support incorporation of the unnatural amino acid indicate a struc- 
tural specificity for protein formation which is much higher than that 
usually observed for enzymes which act on amino acids (18) or their de- 
rivatives (19). 

The high concentration of ethionine required to demonstrate a competi- 
tive substrate relationship, together with the fact that only the initial rates 
of incorporation were observed in these in vitro studies, suggests that any 
extension of these results to the action of ethionine on protein metabolism 
in the intact animal should be made with caution. 


SUMMARY 


1. Ethionine inhibits the in vitro incorporation of methionine into pro- 
teins of the Ehrlich ascites cell. 

2. The antagonist is itself incorporated, and, as in the case of natural 
amino acids, this incorporation requires an energy source. 

3. All inhibition of incorporation of methionine can be ascribed to the 
incorporation of ethionine, which acts as a competitive substrate. 

4. The affinity for incorporation of ethionine, however, is only g$o that 


1 Rabinovitz, M., Olson, M. E., and Greenberg, D. M., unpublished observations. 
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for methionine. Once ethionine is incorporated, it is not readily released 
by methionine. 


BIBLIOGRAPHY 


1. Rabinovitz, M., Olson, M. k., and Greenberg, D. M., Proc. Am. Assn. Cancer 
Res., 2, 40 (1955). 

2. Woolley, D. W., A study of antimetabolites, New York, 98 (1950). 

3. Levine, M., and Tarver, H., J. Biol. Chem., 192, 835 (1951). 

4. Gross, D., and Tarver, H., J. Biol. Chem., 217, 169 (1955). 

5 

6 


. Baker, R.S., Johnson, J. E., and Fox, 8S. W., Federation Proc., 18, 178 (1954). 
. Pardee, A. B., Shore, V. G., and Prestidge, L. 8., Biochim. et biophys. acta, 21, 

406 (1956). 

7. Munier, R., and Cohen, G. N., Biochim. et biophys. acta, 21, 592 (1956). 

8. Zamecnik, P. C., and Keller, E. B., J. Biol. Chem., 209, 337 (1954). 

9. Rabinovitz, M., Olson, M. E., and Greenberg, D. M., J. Biol. Chem., 210, 837 
(1954). 

10. Rabinovitz, M., Olson, M. E., and Greenberg, D. M., J. Biol. Chem., 213, 1 (1955). 

11. Littlefield, J. W., and Keller, E. B., Federation Proc., 16, 302 (1956). 

12. Moldave, K., J. Biol. Chem., 221, 543 (1956). 

13. Rabinovitz, M., Olson, M. E., and Greenberg, D. M., Federation Proc., 15, 332 
(1956). | 

14. Rabinovitz, M., Olson, M. E., and Greenberg, D. M., J. Am. Chem. Soc., 77, — 
3109 (1955). 

15. Rabinovitz, M., Olson, M. E., Sassenrath, E. N., and Greenberg, D. M., Proc. 
Am. Assn. Cancer Res., 2, 141 (1956). 

16. Rabinovitz, M., Olson, M. E., and Greenberg, D. M., J. Biol. Chem., 222, 879 
(1956). 

17. Christensen, H. N., Riggs, T. R., Fischer, H., and Palatine, I. M.,./. Biol. Chem., 
198, 1 (1952). | 

18. Frieden, E., Hsu, L. T., and Dittmer, K., J. Biol. Chem., 192, 425 (1951). 

19. Dunn, F. W., and Smith, E. L., J. Biol. Chem., 187, 385 (1950). 


neer 
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Several reports have appeared which describe the occurrence and prop- 
erties of 5-hydroxytryptophan decarboxylase in guinea pig and hog kidney 
(1-3). 

Although a pyridoxal phosphate requirement has been demonstrated for 
a number of amino acid decarboxylases (4-7) and it has been indicated 
that such a requirement may exist for 5-hydroxytryptophan decarboxyl- 
ase (1, 3, 8), conclusive demonstration of this relationship for the latter 
enzyme has not been made. The results presented here show a pyridoxal 
phosphate requirement and describe several other characteristics for this 
reaction in rat kidney homogenates. 


EXPERIMENTAL 


5-hydroxytryptamine creatinine 
sulfate, pyridoxal hydrochloride, thiamine pyrophosphate, and sodium 
8-glycerophosphate were obtained from the Nutritional Biochemicals 
Corporation. Pyridoxamine phosphate and pyridoxal phosphate (97 to 
103 per cent purity) were purchased from the California Foundation for 
Biochemical Research. Adenosine-5-phosphoric acid was obtained from 
the Schwarz Laboratories, adenosine triphosphate (potassium) from the 
Sigma Chemical Company, Inc., and pyridoxine hydrochloride from Merck 
and Company, Inc. 

Samples of p-chloromercuribenzoic acid, y-(p-arsenosopheny]l)butyric 
acid, and o-iodosobenzoic acid were kindly supplied by Dr. L. Hellerman. 

Methods—Male albino rats, 3 to 5 months old, were decapitated, and the 
kidneys were removed and homogenized in 4.0 ml. of distilled water with 
a Potter-Elvehjem tissue grinder. After 10 minutes of agitation with N2 
gas, 0.3 ml. of the homogenate (20 to 25 mg. of dry weight) was added to 
20 ml. beakers containing 10 uwmoles of 5-hydroxy-pL-tryptophan! in 1.0 


* A brief report of this study was given before the American Society of Biological 
Chemists, April 15-19, 1957, in Chicago, Illinois. 
1The following abbreviations are used throughout this paper: 5-hydroxy-pL- 
tryptophan, 5-HT; 5-hydroxytryptamine, 5-HTA; adenosine-5-phosphoric acid, 
AMP; adenosine triphosphate, ATP; 2,3-dimercaptopropanol (British anti-Lewisite), 
BAL. 
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ml. of 0.1 N sodium pyrophosphate buffer, pH 8.0, previously gassed with 
nitrogen for 5 minutes, and the contents were made to a final volume of 
3.0 ml. with buffer. All the preparations were made at 0-3°. The reac- 
tion was carried out in a nitrogen atmosphere at 38° in a Dubnoff metabolic 
incubator. 

At the end of the incubation, 3.0 ml. of 10 per cent trichloroacetic acid 
were added, the supernatant fluid, after centrifugation, was appropriately 
diluted with borate buffer (9), and 5-HTA was determined spectrophoto- 
metrically or colorimetrically (9). 

For the inhibitor studies, the homogenate described above was used. 
To the main compartment of a standard Warburg flask with a double side 
arm were added 0.3 ml. ‘of homogenate and 2.1 ml. of pyrophosphate buf- 
fer containing sufficient inhibitor to give the indicated final concentra- 
tion. After a 5 minute treatment with N» gas in the cold and a 10 min- 
ute temperature equilibration, 10 wmoles of 5-HT in 0.3 ml. of buffer were 
tipped in from one side arm. The flasks were incubated at 38° for the 
indicated period after which the compound utilized to test reversal of inhi- 
bition (pyridoxal phosphate, cysteine, etc.) was added from the second 
side arm. Incubation was continued as stated. The reaction was 
stopped and analyses were carried out as described above. 

Appropriate blanks were included when required. All data for 5-HTA 
formation are expressed in terms of dry weight of homogenates used. 


RESULTS AND DISCUSSION 


Under the conditions described, the optimal pH was 8.0 and the rate of 
formation of 5-HTA was a linear function of time (Table I) in agreement 
with data reported for 5-HT decarboxylase in guinea pig kidney (1). The 
addition in vitro of 500 y (2.02 umoles) of either pyridoxal phosphate or 
pyridoxamine phosphate resulted in greater than a 2-fold increase in activ- 
ity. Pyridoxal hydrochloride and pyridoxine hydrochloride were in- 
effective in this system (Table II). 

These results could have been related to destruction of a required endog- 
enous organic phosphate during the experiment. Investigation demon- 
strated that neither phosphatase inhibitors (0.01 m fluoride or citrate pres- 
ent during homogenization and incubation) nor organic phosphates (30 
umoles of sodium 8-glycerophosphate, 1.05 umoles of thiamine pyrophos- 
phate, 2.02 uwmoles of AMP or 10 uwmoles of ATP) significantly altered the 
5-HT decarboxylase activity of rat kidney homogenate. Further study 
revealed that as little as 0.04 umole of pyridoxal phosphate (1.35 X 107° 
M) caused a maximal increase in activity with half maximal activation ob- 
tained at 2 X 10-* m pyridoxal phosphate. Since the addition of 0.04 
umole of pyridoxal phosphate caused an actual increase of 2 umoles in 5- 
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th HTA formation, the effect is catalytic, as expected of a cofactor. These 
of findings indicate also that the observed stimulation of activity with either 
- pyridoxal phosphate or pyridoxamine phosphate was not the result of non- 
lic specific protection of other organic phosphates which might be present in 
the homogenate. The possibility that endogenous phosphorylated pyri- 


‘id 
ly TABLE I 
ee §-HTA Formation As Function of Time 
' 5-HTA formed, umoles per 100 mg. 
Incubation time 
2 Control Pyridoxal phosphate added 
hrs. 
<< 2 2.38 6.02 
4 5.02 11.92 
re 
he — The conditions were described under ‘‘Experimental.’’ 2.02 uwmoles of pyridoxal 
phosphate added when present. 
id 
as TaBLeE II 
Effect of Pyridozine Derivatives on 5-HT Decarborylase 
Addition No. of experiments 
Mean + Standard error 
of 11 1.144 0.02 
nt Pyridoxine hydrochloride..... 2 1.36 
or | phosphate. ........ 6 2.844 0.01 
Pyridoxamine phosphate..... 2 2.82 
4 The conditions were as described under “Experimental;’ 500 7 (2.02 to 2.45 
wmoles) of pyridoxine derivatives were added when present. 
n- doxine derivatives were destroyed by other systems, e.g. by conversion to 
S- pyridoxic acid (10), during the experiment is not eliminated by these data. 
0 The effect of supplemental pyridoxine in the diet was investigated. A 
S- group of rats was placed on the stock diet supplemented additionally with 


1e 20 mg. per kilo of pyridoxine hydrochloride. After 7 to 10 days on this 
y diet, the 5-HT decarboxylase activity of the kidneys of these rats was de- 
- termined with and without the addition in wtro of pyridoxal phosphate. 
)- The results of typical experiments are presented in Table III. The 5-HT 
4 decarboxylase activity of the stock kidney was significantly increased by 
D- the administration of supplemental pyridoxine in the diet. This finding 
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is not unexpected in view of the report that the codecarboxylase content 
of rat tissue can be increased by feeding pyridoxine hydrochloride in excess 
of the amount required for optimal growth (5). The addition in vitro of 
pyridoxal phosphate caused an increase in the kidney 5-HT decarboxylase 
activity in both stock- and pyridoxine-supplemented rats, although, when 
compared to the corresponding control values, this increase was not as 
marked in the supplemented rats as in the stock rats. An increased endog- 
enous supply of codecarboxylase in the supplemented rats (5) could have 
accounted for these results. 

Hydroxylamine Inhibition and Reversal—Clark et al. (1) have reported 
that, at pH 6.0, pyridoxal phosphate would not overcome semicarba- 
zide inhibition of hog kidney 5-HT decarboxylase. In their study 0.81 
umole of pyridoxal phosphate (3 XK 1074 M, assuming a final volume of 2.7 


TaBLe III] 
Effect of Supplemental Dietary Pyridozine on 5-HT Decarborylase 
Pyridoxal _  §5-HTA formed, | 
Stock — 1.20 | 
i + 3.02 | 152 
“+ pyridoxine 2.21 | 
i wi +. 3.29 49 


The conditions were as described under ‘‘Experimental.’”’ When present, 2.02 
umoles of pyridoxal phosphate were added. 


ml.) and 10-° m semicarbazide were used. Although the pyridoxal phos- 
phate was not added in stoichiometric excess, reversal of semicarbazide 
inhibition of dopa decarboxylase was obtained under these conditions (1). 
It was thought desirable to ascertain whether a true stoichiometric excess 
of the cofactor could overcome the inhibition of 5-HT decarboxylase by a 
carbonyl reagent. The results obtained with hydroxylamine (5 X 1074 m) 
and pyridoxal phosphate (1 X 107% mM) are presented in Table IV. 

The addition of excess pyridoxal phosphate overcame the hydroxylamine 
inhibition of 5-HT decarboxylase. That these results are due, at least in 
part, to a true reversal and not merely to pyridoxal phosphate activation 
of the uninhibited portion of the enzyme can be seen from a consideration 
of the kinetics of the reaction. In the presence of 5 X 10-4 m hydroxyl- 
amine, 33.0 per cent of the enzymatic activity was unaffected by the inhib- 
itor. This would be equivalent to 9.6 mg. of dry weight of homogenate. 
From Table I it can be calculated that maximal activation of this amount 
of enzyme by pyridoxal phosphate would result in an additional 0.173 
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umole of 5-HTA per hour. If the results of pyridoxal phosphate addition 
to the inhibited reaction (Table IV) were merely the result of activation of 


TABLE IV 


Effect of Pyridozal Phosphate on Hydrorylamine Inhibition of 
Rat Kidney 5-HT Decarborylase 


— 
Additions 
Total Net 
2. (1) + NH,OH (5 X 10-* m)...................... 0.33 0.33 
3. (2) + pyridoxal phosphate (10 X 10-4 m)......... 1.31 1.21 
4. Pyridoxal phosphate, no substrate (10 K 10-4 m).. 0.10 


Conditions: 2.1 ml. of 0.1 m Na pyrophosphate buffer, pH 8.0, and 0.3 ml. of ho- 
mogenate (29 mg. of dry weight) in the main compartment. After gassing and equi- 
libration (see ‘‘Experimental’’), 10 uwmoles of 5-HT were tipped in from one side arm 
and incubated for 1 hour. Pyridoxal phosphate (3.0 wmoles) was then added from 
the second side arm and incubated for 1 hour. Final volume 3.0 ml., incubated for 
a total of 2 hours in Nz; 38°. 


TABLE V 
Effect of BAL and Cysteine on Inhibition of Rat Kidney 6-HT Decarbozylase 


5-HTA formation, umoles per 100 mg. per hr. 


Inhibitor (10-3 Control Cysteine BAL 
P P 
S-HTA | inhibition! SHTA | S-HTA | inhibition 
p-Chloromercuribenzoate.....| 0.78 69.8 1.31 53.2 1.47 39.6 
0-Iodosobenzoate............. 1.36 47.4 2.12 24.3 1.70 30.5 
p-Arsenosophenylbutyrate....| 0.66 74.4 0.86 69.4 0.79 67.5 


Conditions: The conditions were described under ‘‘Experimental.’? Homogenate 
was prepared in cysteine or BAL to give a final concentration in the flask of 5 X 10-3 
M. Each beaker contained 0.10 umole of pyridoxal phosphate. Incubated for 2 
hours, 0.1 m pyrophosphate buffer, pH 6.6, in N2; 38°. Similar results obtained at 
pH 8.0. 


the uninhibited portion of the enzyme, the net 5-HTA formed would have 
been 0.50 umole rather than the observed 1.21 umoles. It is clear that 
both reversal and activation occurred. The inability of Clark et al. to 
overcome such inhibition of hog 5-HT decarboxylase by the addition of 
pyridoxal phosphate may have been due partially to pH effects. These 
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workers reported data from studies carried out at pH 6.0, where the activ- 
ity of the enzyme was about one-third that at the optimal pH 8.0 (1). 

Effect of Sulfhydryl Inhibitors—5-HT decarboxylase was inhibited by 
10-* m p-chloromercuribenzoate, o-iodosobenzoate, and -+-(p-arsenoso- 
phenyl)butyrate. These inhibitions could not be overcome or prevented 
by 5 X 10-* m cysteine or BAL (Table V). Increased concentrations of 
substrate or of pyridoxal phosphate also failed to alter the inhibition due 
to p-chloromercuribenzoate. Since inhibition was not obtained with 107 
M benzoate or cinnamate, these results are taken to indicate that the ob- 
served inhibitions were due to non-specific heavy metal or oxidative action 
rather than to specific involvement of the thiol groups. 

Effect of Cations—Marked inhibition of 5-HT decarboxylase activity 
was obtained by 10~* mM cupric ions at both pH 6.6 and 8.0. Fet*, Fet+, 
Mgt+, and Mn** had no effect on the activity and, as already mentioned, 
neither 0.01 m fluoride nor citrate inhibited the reaction. These data can- 
not be interpreted as indicating that none of the cations tested are essen- 
tial for the formation of 5-HTA since the ions could be present in non- 
limiting concentrations in the homogenates used. 


SUMMARY 


It has been demonstrated that rat kidney 5-hydroxytryptophan decar- 
boxylase requires pyridoxal phosphate as a cofactor. Data are also pre- 
sented which indicate that this enzyme does not require thiol groups for 
activity. Cupric ions were found to be inhibitory but several other 
cations were without effect on the reaction under the conditions used. 
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LIVER FRUCTOKINASE* 
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University of Wisconsin, Madison, Wisconsin) 
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An investigation of the fructokinase of liver was undertaken because 
of the importance of this enzyme for fructose metabolism and because of 
its interesting kinetic behavior. Hers (1) reported that the enzyme re- 
quires an unusually high concentration (1 to 2 M) of potassium ion for opti- 
mal activity. The enzyme was also found to respond anomalously toward 
oxygen. Vestling et al. (2) and Cori et al. (3) demonstrated that fructose 
phosphorylation is much greater in air than under anaerobic conditions. 
It was not immediately apparent how oxygen was involved in this process 
since the primary reaction is simply that shown in Reaction 1. 


li 
(1) Fructose + ATP! — fructose 1-phosphate + ADP 
fructokinase 
ATP- ti 
(2) Creatine phosphate + ADP oe > creatine + ATP 
transphosphorylase 


(3) Fructose + creatine phosphate — fructose 1-phosphate + creatine 


The possibility that ATP becomes limiting under anaerobic conditions 
was eliminated as the explanation of the decreased fructose consumption 
(3, 4). Previous workers seem not to have explored the possibility of 
product inhibition. One of the reaction products, fructose 1-phosphate, 
could be ruled out as the inhibitor because the addition of fluoride, which 
causes greater accumulation of fructose 1-phosphate, did not inhibit fruc- 
tose utilization (3). To test the possibility that ADP inhibits fructokinase 
we added creatine phosphate and purified muscle ATP-creatine trans- 
phosphorylase (5) in non-limiting amounts to the liver fructokinase assay 
system. Under these conditions ADP is converted to ATP (by Reaction 
2) as rapidly as it is formed. Preventing the accumulation of ADP in 
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this manner was found to enhance fructokinase activity greatly. More- 
over, it brought about a proportionality between amount of enzyme and 
fructose disappearance, thus providing an accurate and reproducible assay 
for aid in purification. Since oxidative phosphorylation will also result 
in removal of ADP, it is likely that the effect of aerobic conditions on 
fructokinase activity results from the removal of this inhibitor. 

With this assay it has been possible to purify beef liver fructokinase 
well beyond the 10- to 20-fold increase in specific activity reported by 


earlier workers (1, 6, 7). To date we have developed a reliable procedure | 


for purifying the enzyme 150-fold. Some preparations have been carried 


through additional purification to 600-fold, but, even at this stage, 100,000 | 


gm. of the protein phosphorylate only 150 moles of substrate per minute 
at 30°. This report deals mainly with cofactor and kinetic studies. 


Results 
In confirmation of earlier work (2), we found in preliminary experiments 


with homogenates of rat liver that additions of an oxidizable substrate | 


such as a-ketoglutaric acid doubled the rate of fructose disappearance at 


low enzyme concentration. The stimulation was even greater at higher | 


enzyme concentrations, for in the presence of this substrate there was a 


nearly linear relationship between amount of homogenate added and | 


fructose disappearance. 

Additions of creatine phosphate and ATP-creatine transphosphorylase 
enhanced fructose disappearance even more than did the oxidizable sub- 
strate. No stimulation of fructokinase activity occurred when either 
creatine phosphate or the transphosphorylase was added separately. 


Fig. 1 shows the effect of adding the creatine phosphate system at zero | 
time and after 15 minutes. Rat liver homogenate (1:5 in 0.15 mM KCl) was | 


employed as the fructokinase source in this experiment. The response | 


to added creatine phosphate was similar regardless of the time of addition. 


This is considered to be strong evidence that ADP is the only significant | 
fructokinase inhibitor produced. In other experiments it was found that — 


inclusion of the creatine phosphate system results in linearity between 
fructose disappearance and fructokinase increment in non-particulate liver 


preparations as it does with liver homogenates. This made purification of | 


the enzyme feasible. 


Cofactors and Kinetic Studies 


All experiments which follow were performed with a fructokinase prepa- 
ration purified approximately 400-fold from beef liver. 1 mg. of protein 
in this preparation catalyzed the disappearance of about 1 umole of fruc- 
tose per minute at 30° under optimal conditions. 
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Table I demonstrates the effect of various concentrations of twice re- 
crystallized ATP-creatine transphosphorylase on fructokinase activity in 
the presence of 5 mM creatine phosphate. Maximal activation is produced 


3.0 


PHOSPHOCREATINE SYSTEM 
- ADDED AT ISMINUTES ~ 
PHOSPHOCREATINE 
20+ SYSTEM ADDED 

AT O TIME 


TROL 


FRUCTOSE PER mi. 


TIME IN MINUTES 
Fic. 1. Effect of adding phosphocreatine system at different times. The reaction 
mixture contained 3.3 mm fructose, 5mm MgSQO,, 16 mm potassium phosphate buffer, 
pH 7.3, 40 mm KF, 3.3 mm ATP, and 6.2mm KCl. The phosphocreatine system con- 
sisted of 4umoles of creatine phosphate and 0.2 mg. of ATP-creatine transphosphoryl- 
ase per ml. of reaction mixture. Incubated at 30°. 


TABLE 
Role of ATP-Creatine Transphosphorylase in Maintaining Fructokinase Activity 


ATP-creatine transphosphorylase concentration ! Fructose disappearing in 10 min. 
units per ml. | umoles 
0 0.29 
0.001 0.30 
0.01 0.40 
0.10 0.88 
1.0 1.03 
5.0 1.08 
10.0 1.08 
100.0 1.09 
100.0 (no fructokinase) 


The system contained 2 ygmoles of fructose, 2 umoles of MgSO,, 10 wmoles of phos- 
phate buffer (potassium salts), pH 7.3, 2 umoles of ATP, 5 wmoles of creatine phos- 
phate, and 0.1 unit of purified fructokinase in a final volume of | ml. Incubation time 
10 minutes at 30°. 


by about 1 unit (20 y) of the transphosphorylase per ml. Omission of 
fructokinase from the system abolished fructose disappearance even in the 
presence of 100 units (2 mg.) of ATP-creatine transphosphorylase. Unless 
stated otherwise, 10 units (200 7) per ml. of the transphosphorylase were 
used routinely in all subsequent experiments. 


Say 
ult = 
on 
ase 
by 
ure 
led é 
000 
ute 
nts | 
ate 
at 
her 
sa) 
ase 
ub- 
her 
ero 
vas 
nse 
on. | 
ant 
hat 
ver 
pa- 
uc- 


234 LIVER FRUCTOKINASE 


The effect of varying the concentration of creatine phosphate on the 
activation of liver fructokinase is shown in Fig. 2. Maximal activation 
was achieved with 5 mm creatine phosphate. In this experiment, slight 
inhibition from maximal activity occurred when more than 5 mM creatine 
phosphate was employed (see the inset of Fig. 2). We were unable to 
explain this inhibition until the importance of maintaining an Mg++: ATP 
ratio of at least 1.0 was realized (to be discussed below). In this experi- 
ment both the ATP and Mg** concentrations were 2 mm. Apparently, 
binding of Mgt* by high concentrations of creatine phosphate effectively 
lowered the Mg++: ATP ratio below the critical value of 1.0. When this 


16 r 
2.0 
0 5 1015 20 | 
Ly O8F uM Cr~P/ml | 
2 pM/ml. 4 
> 
B on 
4 
4 NO PHOSPHOCREATINE 
1 
© 20 30 40 
Fic. 2 Fic. 3 


Fic. 2. Stimulation of liver fructokinase by various concentrations of creatine 
phosphate. The reaction system was similar to that described in Table I except 
that 0.05 unit of fructokinase per ml. was added. 

Fic. 3. Determination of apparent Michaelis constant for ATP. Phosphocreatine 
system present in non-limiting concentrations. 3 mm MgSO, to minimize effect of 
binding of Mg** by creatine phosphate. 


experiment was repeated with 5 mm Mg** and 2 mm ATP, no inhibition 
of fructokinase occurred when creatine phosphate was added in excess of 
5 umoles per ml. (8). 

It was observed that the rate of fructose disappearance was approxl- 
mately linear with time even when only 0.4 umole of fructose per ml. re- 
mained in the reaction mixture. This confirms earlier observations (1) 
that the enzyme has a great affinity for fructose; 7.e., the Michaelis con- 
stant for this sugar is less than 4 XK 10-4 M. 

The broad (pH 5.5 to 8) pH optimum reported by Hers (1) has been 
confirmed with the purified enzyme. | 

Nucleotide Requirement—The Michaelis constant (A,) for the Mg**- 
ATP complex was determined by Hers (9) employing a 20-fold purified 
preparation of beef liver fructokinase. He reported values of 5.4 K 10~° 
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m in the absence of K*+ and 1 X 10~* m in the presence of 1.0m Kt. These 
determinations were made in the absence of a mechanism for removing 
ADP. 

When the A, for ATP was determined with purified beef liver fructo- 
kinase, and with the addition of non-limiting amounts of Mg++ and the 
creatine phosphate system, a value of 2.1 K 10-4 mM was obtained (Fig. 3). 
This is about 5 times lower than the lesser value reported by Hers (9). 
The creatine phosphate system was demonstrated to be non-limiting, 
since doubling its concentration had no effect on the reaction rate at low 
ATP concentrations. 

When A, is determined in this fashion, ATP is regenerated as it is con- 


TaBLeE II 
Inhibition of Fructokinase by ADP 


Fructose disappearance in 20 min. 


Added ADP 
5 mu ATP | 10 mu ATP 

M | pmole | umole 
0 | 0.58 | 0.56 
0.005 0.18 0.20 
0.010 0.11 | 0.11 
0.015 0.05 0.08 


0.020 0.00 | 0.02 


The reaction mixture contained 20 mm K*, 50 mm Mg**, 10 mm phosphate buffer, 
pH 7.4, 2 mm fructose, and 0.28 unit of beef liver fructokinase per ml. Creatine 
phosphate system omitted. 


sumed and its concentration does not decrease significantly during the 
course of the reaction. Consequently the reaction rate does not decline 
progressively as it would with limiting amounts of ATP in the absence of 
an ATP-regenerating system. This makes possible the determinati&n of 
very low K, values for ATP or ATP-metal complexes, some of which were 
not measurable previously with the available assays. 

Inosine triphosphate and uridine triphosphate in concentrations of 5 
mM cannot replace ATP in the fructokinase reaction. A sample of crystal- 
line ATP, in which no other nucleotides were demonstrated by paper 
chromatography, was fully active. 

Inhibition by ADP—When ADP was added to the reaction mixture and 
the creatine phosphate system omitted, fructokinase activity was strongly 
inhibited (Table II). Increasing the ATP concentration from 5 to 10 mm 
did not reverse this inhibition. Enzymatic activity was completely sup- 
pressed by the presence of 20mm ADP. _ It should be pointed out that the 
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inhibition occurring in this experiment was superimposed upon the already 
profound inhibition caused by omission of the creatine phosphate system. 

Monovalent Cation Requirement—Hers (9) was unable to demonstrate an 
absolute requirement for potassium or other alkali metal ions with a 20- 
fold purified preparation of beef liver fructokinase. However, a marked 
stimulation of enzymatic activity was encountered when the potassium 
concentration was increased to exceedingly high levels, z.e. 1 to 2 m de- 
pending upon the Mg**+ and ATP concentrations. The more _ purified 
preparation described here has yielded markedly different results. 

When all acidic reaction components were neutralized with Tris, the 
enzyme was without activity in the absence of potassium, certain alkali 
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K* uM PER mi. 


Fic. 4. Requirement of liver fructokinase for K*. Tris salts of ATP and creatine — 
phosphate were used. The reaction mixture contained 5 mm phosphocreatine, 5 mM — 


ATP, 10 mm MgSO,, 10 mM Tris sulfate, pH 7.3, and 2 mM fructose. 


metal ions, or ammonium ions. Maximal activation was effected by 20 | 
mM potassium (lig. 4) and the Michaelis constant for this cation was 5.2 X | 


10-* mu. With the more purified enzyme the activation by potassium was 
found not to be affected by the Mgtt+-ATP concentration as it was in Hers’ 
work (9). Repetition of the experiment summarized in Fig. 4 but with 2 
mM ATP and 4 umoles of Mg++ gave identical results. 

Monovalent cations other than potassium will also activate liver fructo- 
kinase with varying degrees of effectiveness (Table III). Rubidium is at 
least as effective as potassium, whereas sodium and ammonium ions ac- 
tivate the enzyme only about 70 per cent even in 0.5 mM concentrations. 
Lithium and cesium ions activate only slightly in relatively high concen- 
trations. We have not ruled out the possibility that the lithium and ce- 
sium samples used may be contaminated with trace amounts of potassium. 

Magnesium-ATP Interrelationship—The observation first reported by 
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udy Hers (9) that fructokinase activity is strikingly dependent on the ratio of 
Pm. Mg++ to ATP has been confirmed. However, the more highly purified 


1). TaBLeE III 
ked Activation of Beef Liver Fructokinase by Monovalent Cations 
jum Added monovalent cation* Fructose disappearance 
M pmoles per ml 
None (Tris present) 0.04 
Kt 0.03 0.98 
the Nat 0.1 0.65 
Kali 0.5 0.72 
Lit 0.1 0.06 
0.5 0.14 
Cst* 0.1 0.04 
0.5 0.33 
Rb* 0.1 1.11 
0.5 1.03 
NH,* 0.1 0.72 
0.5 0.66 


ATP and creatine phosphate were added as the Tris salts. The reaction mixture 
contained 5 mM creatine phosphate, 2mm ATP, 5mm MgSQ,, and 10 mo Tris sulfate 
at pH 7.3. Approximately 0.1 unit of purified fructokinase was added per ml. Re- 
action time 10 minutes at 30°. 

* As chloride salts. 


150 - 
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mM 4M Mg/ml. 

100 
20 075} 2yM 
was 5S 
ers’ O25} 
ATP pM/ml. 
: at Fig. 5. Inhibition of liver fructokinase by excess ATP. The reaction mixture 
contained 5 mM creatine phosphate, 20 mm KCl, 10 mm Tris chloride, pH 7.3, and 2 

ac- |} mf ructose; 0.125 unit of fructokinase was added per ml. Incubated for 10 minutes 
ms. | at 30°. 
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ce- | Preparation used here responded somewhat differently to these factors 
im. | than did the extracts of Hers. A molar ratio of Mg++ to ATP of 1 or 
by | greater is required for maximal enzymatic activity. Excess Mg*+, in as 
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great as 5-fold the concentration of ATP, did not inhibit. However, ex- 
cess ATP is strongly inhibitory (Fig. 5). In fact, complete inhibition of 
fructose disappearance occurred with an Mgt*:ATP ratio of 1:5. This is 
further evidence in support of Hers’ (9) suggestion that the actual phos- 
phate donor is a magnesium-ATP chelate, although present evidence does 
not indicate which of the possible chelate forms is the active substrate. 
There are several possible mechanisms by which excess ATP might inhibit 
the phosphorylation of fructose. Free ATP might act directly as a com- 
petitive inhibitor of the ATP-magnesium chelate which is the active sub- 
strate. Excess ATP might bind the Mgt in an inactive, or inhibitory, 
chelate form containing a higher ratio of ATP to Mgt* than is found in the 
active chelate. A third possibility is that the enzyme is activated by free 
Mg?** and that addition of excess ATP results in removal of the Mg** by 
chelation. 


DISCUSSION 


The marked discrepancy in the response of liver fructokinase to K* re- 
ported by Hers (9) with that observed in the present study has not been 
explained. It seems probable that the difference in the purity of the en- 
zyme preparations used is somehow accountable. A complicating factor 
may have been eliminated in the course of purifying the protein to a specific 
activity greater than that used by Hers. 

The study of inhibition of liver fructokinase by ADP is a complicated 
one. First of all, the experiments must be performed in the absence of an 
ATP-regenerating system. Therefore, the fructokinase is operating at a 
fraction of maximal efficiency, even when no inhibitor is added. Also, 
analysis of the system is made difficult by the fact that the concentration 
of the inhibitor, ADP, increases as the reaction proceeds. ADP, when 
added to the reaction mixture, seems to be a powerful non-competitive in- 
hibitor (Table II). However, with the purified enzyme, the initial reac- 
tion rate is maintained (Fig. 2) even when the creatine phosphate system 
is omitted. Under these conditions the reaction rate is markedly inhibited 
from the onset when only minute amounts of ADP are present; 7.e., there 
is no need to accumulate ADP to produce significant inhibition. This sug- 
gests that ADP generated at the enzyme surface is a more powerful inhibi- 
tor than that which is added to or accumulates in the reaction mixture. 

The striking inhibitions of fructokinase activity by ADP, and by ATP 
in excess of equimolarity with the Mg** present, may play important roles 
in the regulation of metabolic processes. Inhibition of enzymatic reactions 
by a product is a common phenomenon. The ADP-fructokinase relation- 
ship parallels the inhibition of hexokinase by glucose 6-phosphate de- 
scribed by Crane and Sols (10). The inhibition of an enzymatic reaction 
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by an excess of substrate is not an unusual phenomenon (11). The unique 
aspect of the inhibition by ATP is the fact that, in the Michaelis region, 
slight alterations of ATP or Mg** concentration may have relatively great 
effects on reaction velocity. This behavior suggests the possibility that 
control of cellular enzymes may be exerted under normal conditions by the 
alterations of ATP or Mg** concentrations associated with various physi- 
ological processes. Several ATP-requiring enzymes are susceptible to this 
type of inhibition (12) and it seems likely that more will be found to be 
similarly affected. 


EXPERIMENTAL 
Materials and Methods 


The nucleotides were the best grade available from the Pabst Labora- 
tories or Sigma Chemical Company. Crystalline sodium phosphocreatine 
was synthesized by a modification (13) of the original method of Ennor and 
Stocken (14). For studies of the role of monovalent cations, the barium 
salts of creatine phosphate and of the nucleotides were converted to the 
Tris salt by the addition of Tris sulfate. The solutions were adjusted to 
pH 7.4 by addition of Tris in the free base form. Solutions of the sodium 
salts of nucleotides were brought to the same pH with 2 nN NaOH. All 
other reagents were c.p. or analytical grade. 

Twice recrystallized ATP-creatine transphosphorylase was prepared 
from rabbit muscle by Procedure B of Kuby, Noda, and Lardy (5). 

Enzymatic activity was determined by measuring the disappearance of 
free fructose (15) from the reaction mixture after deproteinization with 
barium hydroxide-zine sulfate (16). For assaying activity during the iso- 
lation procedure, optimal conditions for fructokinase and an excess of the 
ATP-creatine transphosphorylase were employed. The reaction mixture 
contained sodium ATP, 0.004 m; Mgt*, 0.02 m; K*, 0.02 m; NaF, 0.062 m; 
glycylglycine buffer, pH 7.3, 0.12 M; creatine phosphate 0.01 m, and 10 
units of ATP-creatine transphosphorylase per ml. A unit of fructokinase 
is defined as that amount of enzyme which catalyzes the phosphorylation 
of 1 umole of fructose in 1 minute at 30° under conditions of maximal ac- 
tivity. Protein was determined by the biuret method in all steps of puri- 
fication except that the nitrogen content of the liver homogenate was 
determined by nesslerization after perchloric acid digestion. Specific 
activity is defined as units of fructokinase per mg. of protein. 


Purification of Fructokinase 


Extraction—The initial studies were performed with rat liver homogenate 
prepared in 0.15 mM KCl. These preparations catalyzed the disappearance 
of about 2.5 to 5.0 umoles of fructose per minute per gm. of liver. 
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Beef liver was used as the source of fructokinase for purification because 
it is available in large quantity. It has about one-fifth as much fructo- 
kinase activity per gm. as does rat liver. The liver is sliced and chilled in 
ice as soon as it is removed from the slaughtered animal. The slices are 
freed of fat and connective tissue and repeatedly washed in ice water to 
remove blood. 1 kilo of liver is passed through a meat chopper and stirred 
with 3 liters of 0.15 m phosphate buffer, pH 7.8, at +2° for 2 hours. The 
extract, collected by filtration through cheesecloth, is brought to pH 5.5 
with cold 5 N acetic acid (about 80 ml.) and the precipitated protein is re- 
moved by centrifugation. The protein solution is passed through cheese- 
cloth to remove particles and is then brought to pH 6.0. Because the 
quantity of fructokinase in different beef livers varies greatly, from 400 to 
750 units are recovered at this stage. The specific activity is about 0.014 
which represents a 3.9- to 5.7-fold purification over the liver homogenate. 

A wide variety of procedures for extracting the enzyme has been tried. 
That described above has given the greatest yields of enzyme and highest 
specific activities. 

First Methanol Fractionation—The extract is mixed with one-ninth its 
volume of 0.5 M potassium phthalate, pH 6.0, and the mixture is brought 
to a final concentration of 40 per cent methanol by slow addition of 80 per 
cent methanol cooled to —10°. During the addition, the temperature of 
the protein solution is kept below +5°. The mixture is then warmed (in 
a 40° bath) to 20° and held at 20° until the denatured protein settles and 
the solution clears. This usually requires 10 to 15 minutes. The pre- 
cipitate, which contains little or no activity, is removed by centrifugation. 

The methanolic solution is then placed in a bath at —15° and stirred. 
When the temperature reaches — 10°, 1.5 volumes of 90 per cent methanol 
(at —10°) are added slowly to bring the final methanol concentration to 
70 per cent. The mixture is held at — 10° for an hour and the precipitate 
is collected by centrifugation or gravity filtration at —10°. The enzyme 
is extracted from the precipitated proteins by stirring repeatedly with 0.05 
mM phosphate, pH 7.0, in such portions that the methanol concentration of 
the extracting liquid will not drop below 15 per cent. The fourth extrac- 
tion is made with 0.05 mw phosphate containing 15 per cent methanol. The 
volume of the combined extracts should approximate one-fourth to one- 
fifth of the volume of the original liver extract. This fractionation accom- 
plishes a 14-fold purification over the original extract with a recovery of 
85 to 90 per cent of the activity. The specific activity is about 0.20. 

Glycogen Digestion—The extract is brought to approximately pH 7 with 
1 x KOH and 0.3 gm. of NaCl is added. 4 ml. of clarified saliva are added 
and the solution is warmed to 30°. After keeping the solution at this tem- 
perature for 15 minutes, it is chilled to 0°. 
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Second Methanol Fractionation—The solution is adjusted to pH 6.0 with 
5x acetic acid and one-ninth of its volume of 0.5 M potassium phthalate 
buffer, pH 6.0, is added. The methanol concentration in the solution is 
computed by taking into account the added KOH, saliva, acetic acid, and 
phthalate solutions. The methanol content is then brought to 40 per cent 
by the addition of 80 per cent methanol as is described for the first step 
above. The mixture is kept at 0° for 1 hour before centrifuging to re- 
move the precipitate which is discarded. The supernatant solution is 
cooled to — 10° and the precipitate which forms is collected by centrifuging. 
It contains a small part of the total activity with a specific activity of 0.05 
to 0.10 and can be saved and added to subsequent batches. The methanol 
content of the solution is brought to 60 per cent by adding two-thirds of a 
volume of 90 per cent methanol at —10°. After standing overnight at 
—10°, the precipitate is collected and dissolved in sufficient 0.05 m phos- 
phate buffer to make approximately 100 ml. This second methanol step 
results in a 1.8- to 2-fold purification (specific activity 0.30 to 0.40). About 
34 per cent of the original activity is recovered. If a fraction is taken be- 
tween 54 and 60 per cent methanol, about 30 per cent of the total yield can 
be obtained with a specific activity of 0.38 to 0.42. The procedure to this 
stage is readily reproducible and results in about 150-fold purification. 
Further purification to specific activity of 1.5 has been achieved by frac- 
tionation with ethanol in the presence of 0.1 M magnesium acetate and 
with ammonium sulfate. The latter procedures have not given consist- 
ently reproducible purification. They will therefore not be reported until 
they have been studied sufficiently to permit description of optimal con- 
ditions. 


SUMMARY 


1. A procedure is described for the purification of beef liver fructokinase. 

2. The enzymatic activity is strongly and non-competitively inhibited 
by a product of the reaction, adenosine diphosphate (ADP). Addition of 
a phosphate-donating system which continually removes ADP increased 
fructokinase activity several fold and permitted reliable estimation of en- 
zymatic activity. 

3. The purified enzyme has an absolute requirement for both mono- 
valent and divalent cations. When Mg?** fills the requirement for divalent 
cation, K+ and Rb* are the most active monovalent cations; NH,+, Nat, 
Cst, and Lit are decreasingly active while tris(hydroxymethy])amino- 
methane is inactive. Maximal activity was obtained with 0.02 m K+. 

4. For optimal activity the concentration of Mgt**+ must equal or exceed 
the concentration of adenosine triphosphate (ATP). Excess ATP is so 
strongly inhibitory that the reaction velocity is brought to zero when the 
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ratio ATP: Mg reaches 5:1. The possible role of this type of inhibition jy 
the regulation of metabolic processes is discussed. 
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THE CONCOMITANT RELEASE OF ADENOSINE 
TRIPHOSPHATE AND CATECHOL AMINES 
FROM THE ADRENAL MEDULLA 


By ARVID CARLSSON, NILS-AKE HILLARP, anp BERNT HOKFELT 


(From the Departments of Pharmacology and Histology, University of Lund, and the 
Department of Physiology, Karolinska Institutet, Stockholm, Sweden) 


(Received for publication, December 21, 1956) 


In the specific granules of the adrenal medulla, large amounts of adeno- 
sine triphosphate (ATP) are present together with the catechol amines 
(adrenaline and noradrenaline) (1, 2). Stimulation of the adrenal medulla 
via its secretory nerves is followed by a decrease in both the ATP and the 
catechol amines (3). 

The experiments reported below were carried out in an attempt to 
elucidate further what happens to the ATP after stimulation of the adrenal 
medulla. 


EXPERIMENTAL 


Male sheep (body weight, 20 to 25 kilos) were chosen as experimental 
animals. The adrenal medulla of sheep can be easily separated from 
adrenocortical tissue. The amount of adrenal medullary tissue obtained 
from one animal is enough for cell fractionation. Stimulation of the 
adrenal medulla was done by means of insulin (Vitrum, Ltd., 12 i.u. per 
kilo of body weight intramuscularly). As is well known, the stimulating 
effect of insulin on the adrenal medulla is mediated by the sympathetic 
nerves. 

Three experiments were performed, and in each two animals were used. 
One animal was given insulin, and the other served as a control. The 
insulin was given after 36 hours fasting (water was given ad libitum through- 
out). Between 17 and 20 hours after the injection, the animals were 
killed by a blow on the head and subsequently bled. Hypoglycemic symp- 
toms were noted about 12 hours after the insulin injection, although no 
convulsions occurred. Animal 6 (Table I) died about 17 hours after the 
injection of insulin. The adrenals were taken out and chilled with ice as 
soon as possible (12 to 15 minutes after death, except for Animal 6; in this 
case the interval in question is not exactly known but did not exceed 80 
minutes). The adrenal medulla was separated from the cortical tissue, 
weighed, and homogenized in 5 ml. of 0.3 mM sucrose (4). The samples were 
kept cool in ice throughout the preparations. 

Cell Fractionation—The homogenate was freed from cells, nuclei, con- 
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nective tissue, etc., by centrifugation at 800 * g for 4 minutes. The 
sediment (Fraction Sl) was extracted with 0.4 wn chilled perchloric acid 
(PCA). The extract was analyzed for catechol amines and proteins as 
well as for inorganic and acid-labile phosphate. The supernatant fluid 
was spun at 7000 X g for 60 minutes at +1°. The sediment (Fraction G1) 
containing the specific medullary granules and the supernatant fluid 
(Fraction Al) containing the extragranular cytoplasm, including the 
“‘microsomes,”’ were also treated with chilled PCA (final concentration 
0.4 N). 

Assay Methods—Inorganic (Po) and acid-labile phosphate (Ps; hydrol- 
ysis at 100° in n HCl for 8 minutes) was determined according to Fiske 
and Subbarow (5). The total amount of adrenaline and noradrenaline 
was assayed according to the colorimetric method of von Euler and Han- 
berg (6). The PCA precipitates were analyzed for protein according to the 
biuret method of Cleland and Slater (7). 

Ion Exchange Chromatography—The pH of the PCA extract of Fraction 
G1 was immediately adjusted to about 7 with chilled KOH. The precip- 
itate (KCIO,) was washed with distilled water, which was then added to 
the extract. An aliquot of the neutralized extract was passed through a 
cation exchange column (Dowex 50, 150 to 300 mesh, 30 mm. X 80 sq. 
mm.) in order to remove the catechol amines and other interfering material. 
In Experiment 1 (Animals 1 and 2) the hydrogen form of the ion ex- 
change resin was used. It was found, however, that adenosine and adeno- 
sine monophosphate (AMP) were taken up by the hydrogen form. Later 
on, this was avoided by passing an acetate-acetic acid buffer (pH 6.5) 
through the column before use. The pH of the effluent was adjusted to 
8.5 with ammonium hydroxide. The sample was then passed through an 
anion exchange column (Dowex 2, chloride form, 200 to 400 mesh, 20 
mm. X 25 sq. mm.). The adenosine phosphates were eluted according to 
Cohn and Carter (8) at the rate of 0.2 to 0.3 ml. per minute: 7 X 10 ml. of 
0.003 m HCI, 7 X 10 ml. of 0.02 m NaCl in 0.01 m HCl, 5 X 10 ml. of 0.2 
M NaClin 0.01mM HCl. The ultraviolet absorption of the various fractions 
was read in a Beckman spectrophotometer, mode] DU. 


Results 


Presentation of Data—As suggested by the data of Table I, it seems 
possible that the long lasting stimulation caused an increase in the weight 
of the adrenal medulla. The results therefore appear somewhat different 
when expressed in absolute terms or according to tissue weight. For this 
reason both types of presentation are given. 

Catechol Amines—The insulin treatment caused a marked drop in the 
catechol amine content of the adrenal medulla (Table I). On the other 
hand, the effect of stimulation on the intracellular distribution of the cate- 
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chol amines was slight, if any. In the control animals the extragranular 
cytoplasm (Fraction Al, Table I) contained 14 to 17 per cent of the cate- 
chol amines of the total cytoplasm (Fraction (Al + G1)), the corresponding 
figure for the stimulated animals (Nos. 2 and 4) being 22 and 24 per cent 
(the high figure observed in Animal 6 may be due to postmortal changes 
(see below and Hillarp et al. (4)). It would thus seem that no marked 
accumulation of catechol amines occurred in the extragranular cytoplasm 
during stimulation. Most of the extragranular catechol amines have 
probably been released from the granules after death (4). It does not 
seem unreasonable that the granules of heavily stimulated cells have an 
increased fragility and are thus more easily broken during homogeniza- 
tion. This would explain the somewhat higher values observed in the 
stimulated animals. 

ATP and Its Split Products—In the medullary granules (Fraction G1) 
the acid-labile P dropped to practically the same degree as the catechol 
amines. (For obvious reasons this will be true, whether or not stimula- 
tion caused a real increase in the weight of the adrenal medulla.) As usual, 
no acid-labile P could be detected in the extragranular cytoplasm. How- 
ever, this is of little significance, since any ATP or adenosine diphosphate 
(ADP) present outside the granules will probably be decomposed enzymat- 
ically during the cell fractionation, if not earlier (9). 

In Animals 1 to 4 the adenosine phosphates of the medullary granules 
were fractionated by ion exchange chromatography. Most of the ma- 
terial with an adenine spectrum appeared in a fraction eluted promptly by 
0.2 m NaCl in 0.01 m HCl (Fig. 1). This is in full agreement with the 
earlier experiments on cows, in which this fraction was identified as ATP 
(10). There was also good agreement between the ultraviolet absorption 
data and the values for the acid-labile phosphate. 

Stimulation by insulin was followed by a marked decrease in the ATP 
fraction. This decrease was practically equal to the drop in acid-labile P. 
It was not accompanied by the appearance of a corresponding amount of 
ADP or AMP. Neither could any adenosine, which in Experiment 2 would 
have been present in the effluent from the anion exchange column, be de- 
tected. The loss of the adenine moiety of the ATP molecule from the 
granules was confirmed in Experiment 2 by reading the ultraviolet absorp- 
tion spectra of the neutralized PCA extracts and subtracting the extinctions 
accounted for by the catechol amines (calculated from analyses of the 
catechol amine contents and the ultraviolet absorption spectra of known 
pure catechol amine solutions). In this way absorption spectra with peaks 
at 257 to 260 mu were obtained (data not shown). The values for total 
adenine calculated from these curves were in good agreement with the 
data on ion chromatography. 

No significant accumulation of adenine compounds could be detected in 
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the cytoplasm outside the granules of the stimulated medullae. Appar- 
ently the adenine part of the lost ATP had disappeared from the adrenal 
medullary cells. 

The possible splitting of ATP at stimulation might result in an accumu- 
lation of inorganic phosphate. However, no consistent change in the in- 
organic phosphate is apparent from the present data, either in the adrenal 
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Fic. 1. Ion exchange chromatography of adenosine phosphates of adrenal medul- _ 
lary granules of a normal and insulin-treated sheep. The chromatography was per- — 


formed according to Cohn and Carter (8) after removal of the catechol amines by 
cation exchange. Equal aliquots of the two extracts were used for chromatography. 
The optical density at 260 my of the ATP fraction was 65 per cent lower in the insulin- 
treated animal. Practically the same difference in acid-labile P and catechol amines 
was observed (Table I, Animals 3 and 4). 


medulla as a whole or with respect to the intracellular distribution. The 
values observed are in essential agreement with those of normal cows (1). 

Proteins—Stimulation did not apparently affect the protein content per 
unit weight of adrenal medulla, except for a possible slight decrease in 
Animal 6. Thus, if stimulation caused a real increase in the weight of the 
adrenal medulla (see above), there was not merely an accumulation of 
water but a parallel increase in proteins. There seemed to be a definite 
effect on the intracellular distribution of proteins. In the control animals 
the granule proteins constituted 41 to 47 per cent of the total cytoplasm 
proteins (Fraction (Al + G1)), which is in agreement with earlier findings 
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in cows (11), whereas the corresponding range after insulin treatment was 
35 to 36 per cent. This difference may be interpreted in different ways. 
If stimulation caused an increased formation of proteins, the newly formed 
proteins may have been present outside rather than inside the granules. 
Another possibility would be that part of the soluble granule protein was 
released into the extragranular cytoplasm. Experiments of shorter dura- 
tion will probably be necessary to eliminate the possible influence of new 
protein formation. In fact, such an experiment has already been carried 
out in rats (3). In this experiment a similar but much less marked change 
in the intracellular distribution of proteins was observed. Such data may 
help to answer the question whether a damage of the granule membrane is 
responsible for the release of catechol amines after stimulation. The re- 
sults of the experiment with rats argue definitely against a profound 


TABLE II 
Loss of Granule Protein (per Gm. of Medulla) after Stimulation 
In each experiment, the observed difference between the control and the insulin- 
treated animal is given. This value is compared to the calculated loss, on the as- 
sumption that the loss of catechol amines is due to a destruction of the granule mem- 
brane. 


| 
Experiment No. | Observed loss | Calculated loss 
| per cent per cent 
1 20 36 
2 23 34 
3 32 43 


damage of the granule membrane, since only a small and perhaps insignif- 
icant amount of proteins was lost from the granules of the stimulated 
adrenal medullary cells. The present data are less conclusive but point in 
the same direction. This is shown in Table II, in which the observed drop 
in granule protein is compared with the expected decrease, calculated on 
the assumption that the release of catechol amines was due to a destruction 
of granule membrane and thus accompanied by a complete loss of soluble 
proteins (the soluble proteins were assumed to constitute 50 per cent of the 
total granule proteins, according to analyses on cow and sheep granules). 


DISCUSSION 


In the medullary granules the molar ratio of catechol amines to ATP 
is not much above 4:1, which corresponds to equivalent amounts of acid 
and base. Although the physiological significance of this finding is not 
yet understood, it suggests an important role of ATP in the storage and 
release of the catechol amines. The present observations give further 
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support to this view. In accordance with the earlier experiments on rats 
and cats (3), stimulation of the adrenal medullae of sheep caused a drop 
in the ATP of the granules which was proportional to the decrease in cate- 
chol amines. 

The important question as to whether ATP is split before being released 
from the granules is still open. In the granules no accumulation of ADP, 
AMP, adenosine, or inorganic P was detectable, but this does not permit 
any definite conclusions, since the hypothetical split products may have 
been promptly released along with the catechol amines. The medullary 
granules contain a very active adenosinetriphosphatase, which, however, 
does not attack the ATP inside the intact granules, although ATP added 
to the suspension medium is rapidly hydrolyzed to AMP (unpublished 
experiments). It is tempting to speculate that this enzymatic mechanism 
is involved in some way or other in the release of catechol amines. Per- 
haps stimulation enables the adenosinetriphosphatase to act on the ATP 
inside the granules. 

Stimulation of the adrenal medulla did not seem to be followed by any 
marked accumulation of catechol amines, adenine derivatives, or inorganic 
P in the cytoplasm outside the granules. This would indicate that both 
catechol amines and ATP (or its split products) leave the cells rather 
promptly after being released from the granules. However, such an accu- 
mulation might perhaps be detectable in experiments of shorter duration. 

The problem of a change in the granule membrane at stimulation is 
still unsolved. Although the data so far available argue against a pro- 
found damage of the granule membrane, they seem to indicate a certain 
loss of protein from the granules. However, in view of the sources of error 


discussed above, it would be premature to do more than suggest such an 


effect. 

Electron microscopic evidence that the granule membrane is still pres- 
ent after stimulation has been supplied by Wetzstein, who kindly showed us 
some of his not yet published electron micrographs. In another electron 
microscopic study Sjéstrand and Wetzstein (12) conclude that the adrenal 
medullary granules constitute about 3.5 per cent of the cytoplasm. This 
figure was found in experiments on mice. In guinea pigs and cats the 
granules were said to present a very similar picture. The corresponding 
figure observed by us in cows and sheep with use of fractional centrifugation 
is several times higher. This discrepancy is thought by Sjéstrand and 
Wetzstein to be due possibly to a large contamination of the granular frac- 
tion with “other cell constituents (for instance possibly also mitochondria)” 
in the centrifugation experiments. However, unless the adrenal medullae 
of mice are exceptionally poor in catechol amines, it can easily be calcu- 
lated that their figure is unreasonably low. The catechol amine content 
of the whole adrenal medulla is 1.2 per cent (in cows; we have observed 


A. CARLSSON, N.-A. HILLARP, AND B. HOKFELT 251 


similar values in sheep and rats). This means that the catechol amine 
content of the cytoplasm, 7.e. the whole adrenal medulla minus nuclei, 
connective tissue, blood vessels, etc., can hardly be below 1.7 per cent. 
Since practically all the catechol amines of the adrenal medulla are present 
in the granules, the catechol amine content of the granules would then be 
about 50 per cent ((1.7 & 100)/3.5 per cent). The ATP content of the 
granules is about half the catechol amine content. These two compo- 
nents together would thus constitute 75 per cent of the granules. Sjés- 
trand and Wetzstein state that the granules contain a protein framework 
and a membrane. If this protein is also taken into account, the granules 
would consist almost entirely of solids and thus contain little or no water. 
With such a low water content the sedimentation characteristics of the 
granules would be entirely different from those actually observed. In 
fact, there is nothing to suggest an unusually low water content of the 
granules. Unless marked species differences exist, it is hard to avoid the 
conclusion that a considerable shrinkage of the granules has occurred in 
the preparations of Sjéstrand and Wetzstein. This will also explain the 
wide empty spaces surrounding the granules in these preparations. The 
explanation offered by Sjéstrand and Wetzstein that these spaces have 
been occupied by lipides which have been dissolved during the preparation 
seems unlikely in view of the fact that the adrenal medulla is not unusually 
rich in lipides (11). The assumption of a shrinkage is further supported by 
electron microscopic measurements on direct smears, in which case the 
granules were found to be much larger than those in the fixed preparations 
of Sjéstrand and Wetzstein (12). Finally, as to the possible contamination 
of the granular fraction with other cell constituents, no such components 
are visible in the pictures of Sjéstrand and Wetzstein, except for a very 
small number of mitochondria. This is in good agreement with our earlier 
work on the purity of the granular fraction (4). 

Recently a short note by D’lorio and Eade (13) appeared in which it 
was stated that insulin treatment failed to cause any decrease in the ATP 
content of the adrenals of rabbits. As no details are given, no definite 
explanation of the discrepancy between their results and ours can be 
offered. However, the analyses seem to have been made on whole adrenals, 
as suggested by the low ratios of adrenaline to protein nitrogen given in a 
table. In view of the fact that in the adrenals of rabbits the amount of 
medulla is small compared with the amount of cortical tissue, the ATP 
of the cortical tissue may have masked changes in the medullary ATP. 


SUMMARY 


The adrenal medullae of sheep were stimulated by insulin, the action of 
which is mediated by the sympathetic nervous system. 
Stimulation was followed by a decrease in the adenosine triphosphate 
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(ATP) stored in the adrenal medullary granules, which also contain the 
catechol amines (adrenaline and noradrenaline). The decrease in ATP 
was proportional to the simultaneous drop in catechol amines. There was 
no corresponding accumulation of ATP in the extragranular cytoplasm or 
of split products such as adenosine diphosphate, adenosine monophosphate, 
adenosine, or inorganic phosphate either in the granules or in the extra- 
granular cytoplasm. 

As indicated by data on the intracellular distribution of proteins, the 
concomitant release of ATP and catechol amines does not seem to be due 
to a destruction of the granule membrane. 


This work was aided by a grant from the Swedish Medical Research 
Council. 
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ERYTHROCYTE METABOLISM 
III. OXIDATION OF GLUCOSE* 


By F. M. HUENNEKENS, L. LIU, H. A. P. MYERS, anp 
BEVERLY W. GABRIO 


(From the Departments of Biochemistry and Medicine, University of 
Washington, Seattle, Washington) 


(Received for publication, November 26, 1956) 


Although mature (non-nucleated) human erythrocytes metabolize glu- 
cose principally to lactic acid via the glycolytic scheme (2-4), considerable 
evidence has been obtained by Warburg et al. (5) and others that these 
cells also contain the enzymes of the ‘“‘phosphogluconate oxidation”’ path- 
way (6-8). In the initial phase of this pathway, glucose is converted oxi- 
datively to ribose 5-phosphate, according to the following diagram :! 


hexokinase _ G-6-P dehydrogenase 


Glucose ATP, Mgt* > -§-P TPN 


6-phosphogluconate — ribose 5-phosphate 


TPNH, produced by the G-6-P dehydrogenase reaction, is oxidized by mo- 
lecular oxygen (9). 

Harrop and Barron (10), Michaelis and Salomon (11), and Warburg et al. 
(5) first called attention to the interesting fact that the extremely low level 
of glucose oxidation in mature erythrocytes is stimulated 20- to 50-fold 
in the presence of catalytic quantities of methylene blue and certain other 
dyes, thus suggesting that the oxidation of TPNH is limited ordinarily in 
the cell only by the deficiency of an electron carrier or coenzyme. IKiese 
(12) later demonstrated that glucose oxidation in erythrocytes can be 
linked also to the reduction of methemoglobin? and that this process, too, 


*Supported in part by grants from the National Institutes of Health, United 
States Public Health Service, and the Department of the Army, Office of the Surgeon 
General. A preliminary report of this work was presented at the Forty-fifth annual 
meeting of the American Society of Biological Chemists at Atlantic City, April, 
1954 (1). 

1 The following abbreviations are used: DPN and TPN, di- and triphosphopyri- 
dine nucleotides; DPNH and TPNH, reduced DPN and TPN; ATP, adenosine tri- 
phosphate; G-6-P, glucose 6-phosphate; MeB, methylene blue; ACD, acid-citrate- 
dextrose. 

2 Carson et al. (13) have shown that erythrocytes of primaquine-sensitive indi- 
viduals are deficient in G-6-P dehydrogenase. The resultant decrease in the level of 
endogenous TPNH then prevents these cells from reducing methemoglobin (pro- 
duced by chemica! oxidation of hemoglobin by primaquine) at the normal rate. 
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is stimulated greatly by methylene blue. In hemolyzed preparations, 
however, these early investigators found that the oxidation of glucose by 
either oxygen or methemoglobin is absent, even in the presence of methy]- 
ene blue (9-11). 

The present investigation was undertaken in order to extend the above 
findings on the aerobic oxidation of glucose in erythrocytes and, in particu- 
lar, to obtain information on the electron transport system linking TPNH 
to oxygen in the presence of methylene blue. 


EXPERIMENTAL 


Materials—DPN, TPN, DPNH, ATP, and G-6-P were obtained from 
the Sigma Chemical Company. Hexokinase was a product of the Pabst 
Laboratories, and catalase was obtained from the Worthington Biochem- 
ical Corporation. TPNH was prepared by reduction of TPN with hydro- 
sulfite or with the isocitric dehydrogenase system (14). G-6-P dehydro- 
genase was prepared from yeast by the method of LePage and Mueller (15). 

Preparations—Human blood, collected in ACD (National Institutes of 
Health, Formula B), was made available through the cooperation of Dr. 
Richard Czajkowski of the King County Central Blood Bank. The blood 
was stored at 4° for not longer than 4 days before being used in experi- 
ments. Whole cell samples were prepared by removing the plasma by 
centrifugation for 30 minutes at 2300 X g in the International refrigerated 
centrifuge, model PR-1, washing the cells twice by suspension and centrif- 


ugation in Krebs-Ringer-phosphate solution (16), and finally making up— 


a cell suspension (hematocrit about 50) in the same solution. Hemoly- 
sates were prepared from washed erythrocytes (hematocrit about 50) by 


rapid freezing and thawing the solution three times as described previously © 


(17). 
Hemoglobin-free solutions were prepared by adding, in succession, to 


150 ml. of cold hemolysate contained in a 1000 ml. flask, 300 ml. of cold — 
water, 96 ml. of ethanol, and 60 ml. of chloroform. The organic solvents | 
were redistilled from reagent grade materials and stored at —20° before use. 


Immediately after the last addition, the mixture was shaken vigorously 


for 1 minute, transferred to precooled 100 ml. glass centrifuge tubes, and — 


centrifuged in the cold for 10 minutes at 2300 XK g. The pink,’ aqueous 
top phase was withdrawn carefully with a syringe or suction pipette and 
dialyzed with stirring against a large volume of cold distilled water for 4 
hours. 

Methods—All manometric experiments were carried out in the standard 
Warburg apparatus at 37° with oxygen in the gas phase. The flasks were 


3 When all of the endogenous hemoglobin has been denatured, the aqueous phase 
is almost colorless or light yellowish pink in appearance. 
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gassed from 3 to 5 minutes, followed by an equilibration period of 10 min- 
utes before the stopcocks were closed. Oxygen uptakes were linear with 
time for at least 3 to 4 hours and linear with an amount of cells up to 1.5 
ml. For both cell suspensions and hemolysates, the oxygen uptake values 
were recalculated, from the hematocrit data, on the basis of 1 ml. of packed 
cells (2.e. microliters of O2 per hour per ml. of cells). 

For measuring glucose oxidation in whole cells, the following assay pro- 
cedure (System A) was used: 30 umoles of glucose, 0.05 ml. of 1.0 per 
cent methylene blue, 1.0 ml. of washed red cell suspension (hematocrit 
about 50), and sufficient Krebs-Ringer-phosphate solution, or 0.1 M phos- 
phate buffer, pH 7.5, to make 2.8 ml. The center well contained 0.2 ml. 
of 6 N NaOH. 

TPNH oxidation in hemolysates was measured by the following assay 
procedure (System B): 30 uwmoles of G-6-P, 0.50 ml. of G-6-P dehydro- 
genase (4 mg. per ml.), 0.25 wmole of TPN, 30 wmoles of nicotinamide, 0.01 
ml. of 1.0 per cent methylene blue, 100 uwmoles of ethanol, 0.05 ml. of cat- 
alase (150 units per ml.), 1.0 ml. of hemolysate (derived from a cell sus- 
pension of hematocrit about 50), and sufficient 0.1 mM phosphate buffer, 
pH 7.5, to make 2.8 ml. ‘The center well contained 0.2 ml. of 6 N NaOH. 


RESULTS AND DISCUSSION 


Oxidation of Glucose by Intact Erythrocytes—In confirmation of previous 
results (10, 11) it was observed that intact erythrocytes oxidize glucose 
only to a small extent (0 to 5 wl. per hour per ml. of cells) in the absence of 
methylene blue, but that the oxygen uptake is increased greatly (80 to 90 
ul. per hour per ml. of cells) when the dye is present at a final concentra- 
tion of approximately 10-' m. Other dyes and electron carriers, such as 
toluidine blue and thioneine (12), or the bacteria] pigment, toxoflavin (18), 
will replace methylene blue in this system. Rat liver extracts or purified 
diaphorase (11) are comparable to dyes in stimulating the oxidation of glu- 
cose. In view of these experiments, it seems evident that the oxidation of 
TPNH is linked to oxygen either through the addition of an electron car- 
rer (codiaphorase) to saturate an apodiaphorase already existing in the 


| erythrocyte or by the addition of a diaphorase. Kiese (12) and others (19, 


20) have shown that the reduction of methemoglobin by TPNH is similarly 
dependent upon methylene blue, and have designated the electron-trans- 
ferring enzyme, linking TPNH to oxygen or methemoglobin as methemo- 
globin reductase. The detailed purification and properties of this enzyme 
are described in Paper IV of this series (21). 

Oxidation of Glucose by Hemolysates—When erythrocytes are hemolyzed, 
the ability to oxidize glucose is lost, even in the presence of added methyl- 
ene blue (11). We have found that the oxidation can be restored, how- 
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ever, when the hemolysate is fortified with added Mg++, ATP, and hexo- 
kinase, as illustrated in Table I. Apparently hemolysis results in some 
dispersion or destruction of each of these three components. 

Oxidation of TPNH by Hemolysates—<As an extension of the above experi- 
ments, it could be shown that the oxidation of TPNH, either added in 


TaBLeE I 
Glucose Oxidation by Hemolysates 


Component omitted Oz uptake 


pl. per hr. per mi. 
cells 


System A was employed, except that 2.0 ml. of hemolysate (equivalent to 1.0 ml. 
of cells) were used and the following additions were made to the complete system: 
1 umole of Mg**t, 5 umoles of ATP, 0.05 ml. of hexokinase (4 mg. per ml.), 1 umole 
of TPN, and 1 umole of nicotinamide. 


TABLE II 
TPNH Oxidation by Hemolysates 


Component omitted O2 uptake 


ul. per hr. per ml. 
cells 


System B was employed. Oxygen uptake values were corrected for the blank 
without G-6-P and methylene blue. 


substrate amounts or generated continuously by the glucose-6-phosphate 
dehydrogenase system, required methylene blue. In Table. II a compo- 
nent study is presented. An almost complete requirement was observed 
for both TPN and MeB as well as a strong requirement for G-6-P. Since 
the hemolysate was not dialyzed, it is probable that some endogenous 
G-6-P, or other substrate reducing TPN, was present in the preparation. 
There was only a small effect of added G-6-P dehydrogenase, in contrast to 
the hexokinase effect in Table I. 
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Oxygen Uptake in Aged Cells Rejuvenated by Adenosine—It has been 
shown previously that, when erythrocytes are stored for several weeks, the 
progressive loss of physiological viability is paralleled by a loss of endoge- 
nous organic phosphate esters, notably ATP and 2,3-diphosphoglycerate 
(22). This in vitro aging process can be retarded if the cells are stored in 
the presence of purine nucleosides such as adenosine or inosine. In the 
case of stored cells, a short term incubation with adenosine causes a marked 
rejuvenation. 

In connection with these studies on the storage of erythrocytes, it was 
of interest to assay fresh cells and those aged zn vitro (28 days) for the abil- 
ity to oxidize glucose in the intact cell system (System A) and to oxidize 


TaB_eE III 
Effect of Adenosine on Oxygen Consumption in Fresh and Aged Cells 
O2 uptake 
System Blood sample 

Cells Hemolysate 
| 

A Fresh, control 88 300 

‘¢ treated with adenosine 115 315 

B 28 day storage, control 36 371 

28 treated with adenosine 121 389 


A sample of blood was tested before and after 28 days of storage in vitro. In each 
case, an aliquot of the blood was incubated for 1 hour at 37° with adenosine (2100 
umoles of adenosine per 100 ml. of cells). Washed cell suspensions and hemolysates 
then were prepared as described under ‘“‘Experimental.’? Oxygen uptake values were 
corrected for blanks without substrate. 


TPNH in the hemolysate system (System B). As shown in Table III, 
glucose oxidation is somewhat improved even in the fresh sample and 
markedly improved in the 28 day sample after treatment of the respective 
cells with adenosine. Since there is essentially no decline of the enzyme, 
hexokinase, during storage (3, 22), the above results are consistent with 
the evidence that ATP declines during storage and is regenerated in the 
aged cell upon addition of adenosine. On the other hand, none of the 
components of the TPNH oxidation system declines upon storage, and, 
hence, there is no improvement after treatment with adenosine. 

Partial Purification of TPNH Oxidation System—With use of System B, 
it was demonstrated that the level of the TPNH oxidase system is a linear 
function of time and of hemolysate concentration and that the level of 
TPNH oxidase is remarkably constant in different erythrocyte samples. 
The above findings provided adequate criteria to attempt the purification 
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of the enzyme system involved. It was found that there was no loss in 
activity when the hemolysates were freed from stroma by high speed cen- 
trifugation (25,000 X g for 30 minutes). The enzymatic activity was 
stable to dialysis, to repeated freezing and thawing of the hemolysate, to 
lyophilization, or to precipitation with 8 volumes of acetone in the cold. 
Acetone powders, prepared by precipitation from dialyzed hemolysates. 
could be stored in a desiccator for several months at —20° and they pro- 
vided a stock starting materia] for further purification studies. 

Previously, a partial isolation of the TPNH oxidase, or methemoglobin 
reductase, was achieved by Kiese by means of ammonium sulfate frac- 
tionation (12). The principal difficulty in purifying this enzyme from he- 
molysates is the removal of hemoglobin, which comprises about 95 per cent 
of the total soluble protein (2). From blood collected in oxalate, Foulkes 
(23) was able to crystallize a considerable amount of hemoglobin as the 
carbon monoxide complex, but in our hands this proved to be impossible 
with hemolysates prepared from blood collected in ACD. Similarly, it is 
of interest to note that hemoglobin can be crystallized by Drabkin’s 
method (24) from blood collected in oxalate, but not from blood collected in 
ACD.5 

Efforts to free the TPNH oxidase from hemoglobin by conventional 
means were largely unsuccessful, for, although the enzyme could be con- 
centrated by precipitation with ammonium sulfate at 60 per cent satura- 
tion or with ethanol at 50 per cent saturation, the activity was found also 
in other fractions, and all fractions were still contaminated heavily with 
hemoglobin. In addition, the partially purified fractions were extremely 
unstable, whether stored at 5° or frozen. This was due, presumably, to 
the presence of a destructive protein, since, if the hemolysates were treated 
by Kiese’s method (12) (z.e. adjusted to 1 M in sodium phosphate and the 
slight precipitate removed by centrifugation), the subsequent fractions 
obtained by ammonium sulfate precipitation were much more stable to 
storage. 

Treatment of hemolysates with ethanol-chloroform at low temperatures,‘ 
a technique previously employed for the isolation of carbonic anhydrase 
(26) and peptidases (27) from erythrocytes, resulted in the complete de- 
naturation of hemoglobin, but left the TPNH oxidase unharmed. With 
use of System B, it was found that more than 70 per cent of the original 
activity in hemolysates was recovered in the aqueous phase after the above 
treatment. Since the solution containing the enzyme was essentially color- 


‘ Specialized Instruments Corporation ultracentrifuge, rotor No. 40. 

5 Unpublished observations of this laboratory. 

6 Essentially the same results can be obtained by shaking the hemolysate with 
n-butanol at low temperatures, according to the procedure of Morton (25). 
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less, TPNH oxidase could now be estimated spectrophotometrically. The 
details of this assay, and the further purification and properties of the en- 
zyme, are described in Paper IV (21). 


The authors are indebted to Mrs. Ruth Wade Caffrey for her assistance 
on portions of this problem. 


SUMMARY 


1. Intact erythrocytes oxidize glucose only in the presence of an added 
diaphorase (tissue extract) or an added codiaphorase (methylene blue). 
Upon hemolysis, an additional requirement for added hexokinase, Mgt, 
and adenosine triphosphate becomes evident. 

2. Oxidation of glucose proceeds via the ‘“‘phosphogluconate oxidation”’ 
pathway. The oxidation of glucose 6-phosphate to 6-phosphogluconate is 
linked to oxygen or methemoglobin through triphosphopyridine nucleotide 
and an electron transport system, probably identical with Kiese’s methemo- 
globin reductase. ‘The partial purification of this enzyme has been achieved 
by removal of hemoglobin with an ethanol-chloroform treatment. 

3. Manometric assay systems are described for the oxidation of glucose 
in whole cells and for the oxidation of reduced triphosphopyridine nucleo- 
tide in hemolysates. Stored red cells aged in vitro and rejuvenated with 
adenosine may be assayed conveniently by these systems, and the relation 
between adenosine triphosphate loss and the storage lesion is further estab- 
lished. 
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ERYTHROCYTE METABOLISM 
IV. ISOLATION AND PROPERTIES OF METHEMOGLOBIN REDUCTASE* 


By F. M. HUENNEKENS, RUTH WADE CAFFREY, R. E. BASFORD, ft 
AND BEVERLY W. GABRIO 


WITH THE TECHNICAL ASSISTANCE OF L. LiU 


(From the Departments of Biochemistry and Medicine, University of 
Washington, Seattle, Washington) 


(Received for publication, November 26, 1956) 


In mature, non-nucleated erythrocytes the breakdown of glucose to pen- 
tose, via the “phosphogluconate oxidation”? pathway, includes an oxida- 
tive step, whereby glucose 6-phosphate is converted to 6-phosphogluconate 
in the presence of TPN! and the appropriate dehydrogenase (2). It has 
been shown previously by other investigators (2-4), and amplified in Paper 
III of this series (5), that TPNH, formed in the primary dehydrogenation, 
is linked to oxygen through a TPNH oxidase. The isolated enzyme re- 
quires an added electron carrier such as methylene blue for its activity. 

A similar situation obtains in the reduction of methemoglobin by the 
erythrocyte. The low (about 1 per cent (6)) steady state level of methe- 
moglobin in the cell indicates that the slow, continuous chemical oxidation 
of hemoglobin by molecular oxygen is nearly compensated for by the en- 
zymatic reduction of methemoglobin. Kiese (7) has partially purified the 
enzyme, methemoglobin reductase, and has shown that TPNH is the sub- 
strate for the enzyme and that methylene blue serves as a cofactor. Evi- 
dence has been presented also for the existence of a similar, but separate, 
system requiring DPNH. In accordance with varying sources of evidence 
Kiese has suggested that the TPNH oxidase and the TPNH methemoglo- 
bin reductase are the same enzyme. 

The present communication describes the isolation, in highly purified 
form, and the properties of the methemoglobin reductase from human 
erythrocytes. Observations are presented concerning TPNH and DPNH 


* This investigation was supported by grants from the- National Institutes of 
Health, United States Public Health Service, Department of the Army, Office of the 
Surgeon General, Eli Lilly and Company, and Initiative 171, State of Washington. 
A preliminary account of this work was presented at the Forty-fifth meeting of the 
American Society of Biological Chemists at Atlantic City, April, 1954 (1). 

t Present address, Institute for Enzyme Research, University of Wisconsin. 

1 The following abbreviations are used: DPN and TPN, di- and triphosphopyridine 
nucleotides; DPNH and TPNH, reduced DPN and TPN; Hb, reduced hemoglobin; 
HbO2, oxyhemoglobin; MHb, methemoglobin; MeB, methylene blue. 
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as substrates, and oxygen, methemoglobin, and cytochrome c as terminal 
electron acceptors. 


EXPERIMENTAL 


Materials—Crystalline hemoglobin was prepared from human blood? by 
the method of Drabkin (8), and methemoglobin by the oxidation of hemo- 
globin with NaNO, or H2O2 (9). Isocitric dehydrogenase was isolated 
from pig heart (10). dl-Isocitric acid lactone was obtained from the Calli- 
fornia Foundation for Biochemical Research, crystalline alcohol dehydro- | 
genase was a product of the Mann Research Laboratories, Inc., TPNH, | 
DPNH, and cytochrome c were obtained from the Sigma Chemical Com- | 
pany, 1,10-0-phenanthroline from the G. Fredrick Smith Chemical Com- | 
pany, and iron-specific Versene from the Bersworth Chemical Company. | 
Other materials were obtained as described in Paper III (5). 

Methods—Protein concentrations were determined by the biuret method | 
(11) with bovine serum albumin as the standard. Pyridine hemochromo- 
gen determinations were carried out as described by Basford et al. (12) 
with a molar extinction coefficient, «, equal to 34.7 K 10° sq. cm. per mole © 
(13) at 557 my for the hemochromogen of iron protoporphyrin. Total iron © 
was estimated by the method of Sandell (14). 

Spectrophotometric measurements were made in 1 cm. cuvettes in the 
Beckman spectrophotometer, model DU. Absorption spectra were ob- | 
tained with a Cary recording spectrophotometer, model 11M. 

Assay of the enzyme as a TPNH oxidase (1.e. with oxygen as the ter- 
minal electron acceptor) was carried out as follows: The experimental 
cuvette contained 0.15 umole of TPNH, 100 umoles of phosphate buffer,’ 
pH 7.5, 0.2 ml. of enzyme, and water to make 3.0 ml. The blank cuvette | 
was identical except for the omission of TPNH. After a stable, initial log 
Io/I value at 340 my had been obtained, 0.01 ml. of 0.1 per cent methylene 
blue (0.027 umole) was added to each cuvette at zero time and the reac- 
tion was followed by the decrease in light absorption over a 10 minute pe- 
riod. The reaction velocity was corrected for the slow, chemical oxidation 
of TPNH by the dye (A;o=0.022) in a blank cuvette from which the en- 
zyme was omitted. 

The reaction velocity is linear with time and can be expressed as a Ay 
value, 7z.e. the change in log J)/J at 340 my over the 10 minute period, un- 
der conditions of enzyme concentration whereby Ajo is less than 0.060. 1 


2? We are indebted to Dr. Richard Czajkowski and Mr. Soren Jule of the King 
County Blood Bank, Seattle, for collecting and making available the blood for this 
study. 

* At the optimal pH for the enzyme (pH 7.5), there was no diminution of activity | 
when tris(hydroxymethyl)aminomethane or Veronal replaced phosphate as the 
buffer. 
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unit of enzyme is defined as that amount which causes Aip = 0.010 under 
these conditions. Specific activity is defined as units of enzyme per mg. 
of protein. DPNH oxidase activity is determined by the above spectro- 
photometric system with an equivalent amount of DPNH replacing the 
TPNH. | 

In order to study the enzyme as a methemoglobin reductase or cyto- 
chrome c reductase, the spectrophotometric assay system was modified to 
include 0.12 umole of MHb or 0.10 to 0.20 umole of cytochrome c. The 
methemoglobin reductase reaction was followed by the disappearance of 
the MHb band at 630 my, or the appearance of the HbO, band at 575 mu. 
The reaction with cytochrome c was followed by the appearance of the re- 
duced cytochrome c band at 550 mu. 


RESULTS AND DISCUSSION 
Purification of Enzyme 


Step 1. Removal of Hemoglobin from Hemolysates—Fresh, human eryth- 
rocytes (125 ml. of packed cells) were washed three times by suspension 
and centrifugation‘ in cold, 0.9 per cent NaCl solution,® diluted to the orig- 
inal volume (about 300 ml.) with saline, and hemolyzed by repeated freez- 
ing and thawing. As described in Paper III (5), the hemolysate was 
treated at low temperature with ethanol and chloroform to remove hemo- 
globin and was dialyzed. 

Step 2. Fractionation at pH 5.4—The dialyzed enzyme from Step 1 (865 
ml.) was lyophilized to dryness in order to remove traces of organic sol- 
vents and redissolved in 80 ml. of water. The dilute solution was allowed 
to stand overnight at 5°, and any precipitate which formed was removed 
by centrifugation. The solution was then adjusted to pH 5.4 with 10 per 
cent acetic acid, the precipitate removed by centrifugation, and the super- 
natant solution readjusted to pH 7.0 with 1 N sodium hydroxide. The 
amount of inert protein removed by the aging step varied somewhat with 
different preparations; however, the data given in Table I are representa- 
tive of a number of individual preparations. 

Step 3. Ammonium Sulfate Fractionation—To the solution from Step 2 
(80 ml.), immersed in an ice bath, were added slowly with stirring 80 ml. 
of saturated ammonium sulfate solution neutralized to pH 7.0 with concen- 
trated ammonium hydroxide. The precipitate (0 to 50 per cent fraction) 


‘ All centrifugations were carried out at 4° for 15 minutes at 2300 X g in the Inter- 
national refrigerated centrifuge, model PR-1. 

5 It has been found that cells washed thoroughly with 0.9 per cent NaCl before 
hemolysis yield enzyme preparations at the end of Step 1 which have a 5- to 10-fold 
higher specific activity compared to cells washed with Krebs-Ringer-phosphate 
solution. 
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was removed by centrifugation and discarded. Successive addition of 40, 
67, and 135 ml. of ammonium sulfate to the 0 to 50 per cent supernatant 
fraction yielded the 50 to 60, 60 to 70, and 70 to 80 per cent precipitates, 
which were removed by centrifugation, dissolved in 40 ml. of water, and 
dialyzed overnight against water. After dialysis, each of the above three 
fractions was centrifuged to remove any precipitate and assayed for activ- 
ity. The highest specific activity and most of the total activity were 
found in the 60 to 70 per cent fraction, which was used for all the experi- 
ments reported in this paper. The 50 to 60 or 70 to 80 per cent fractions 
could be refractionated with ammonium sulfate to obtain additional quan- 
tities of the enzyme. 

For a number of preparations the specific activity after ammonium sul- 
fate fractionation ranged between 68 and 72. No further purification 


TaBLeE I 
Purification Procedure 
Total ] ifi 
ml. mg. unils permg.| per cent 
300 42,000* | 16,760 0.4 100 
Ethanol-chloroform fractionation.| 865 490 12,300 25 73 
Fractionation, pH 5.4............ 80 220 8,650 39 52 
(NH,) SO, fractionation, 60-70%. . 40 80 5, 760 72 34 


* Based upon hemoglobin determination. 


could be achieved by several other methods of protein fractionation or by 
a repetition of the above methods. 

The enzyme may be concentrated at any stage of purification by pre- 
cipitation with neutral ammonium sulfate at 75 per cent saturation, by 
precipitation with acetone, or by lyophilization. The enzyme was not ad- 
sorbed on to calcium phosphate or zinc hydroxide gel, and these treat- 
ments could be used to remove extraneous protein. 

Table I summarizes the specific activities and recovery data at various 
stages for a typical preparation. At the final stage the enzyme was puri- 
fied approximately 180-fold, based upon the hemolysate, and recovered in 
a 34 per cent over-all yield. 

In hemolysates the enzymatic activity was decreased about 50 per cent 
during a 24 hour storage period at 5° or frozen at —20°. However, after 
treatment with ethanol-chloroform, and at all subsequent stages, the en- 
zyme retained essentially full activity upon storage in the frozen state for 
periods up to 1 month. 

Existence of Iron Porphyrin Prosthetic Group—After treatment of the 
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hemolysate with chloroform-ethanol, the enzyme in the aqueous phase was 
light yellow-pink in color. Upon subsequent purification the preparation 
assumed the characteristic red-brown appearance of iron porphyrin en- 
zymes. The spectrum® of the highly purified enzyme (specific activity = 
70) at pH 7.5, shown in Fig. 1, is clearly that of a heme protein, since, in 
addition to the absorption band at 278 mu due to the protein moiety, there 
is a large Soret peak at 406 my and several smaller peaks in the spectral 
region of 500 to 650 my. Upon treatment of the enzyme with suitable re- 
agents, three separate states of the heme moiety, analogous to those of he- 
moglobin, can be recognized by their spectral characteristics. After treat- 


1.500- 
1,000- -.100 
~ 
.500- --050 
200 300 600 700 


400 500 
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Fic. 1. Absorption spectrum of purified enzyme. The spectrum was determined 
with use of the Cary recording spectrophotometer on an enzyme of specific activity = 
70 at pH 7.5. The protein concentration was 1.0 mg. per ml. 


ment of the enzyme with ferricyanide, the oxidized form displays peaks at 
403, 500, and 630 my; after treatment with hydrosulfite, the reduced en- 
zyme has peaks at 431 and 555 muy; after reduction of the enzyme with 
TPNH in the presence of air, the reduced-oxygenated complex is formed, 
characterized by peaks at 415, 540, and 577 mu. The details of these 
spectra will be published separately.’ 

As seen in Fig. 1, the isolated enzyme is evidently a mixture, inasmuch 
as the heme is distributed between the oxidized and reduced-oxygenated 
states. Since the molar extinction coefficient for the Soret peak of these 


* In the early stages of purification (i.e. after the ‘‘ethanol-chloroform step’’) the 
enzyme has an additional, broad absorption band centered at 260 my, but this is 
lost, especially after ammonium sulfate fractionation. 

’ Caffrey, R. W., Talbert, P. T., and Huennekens, F. M., in preparation. 
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two states is almost identical,’ the ratio of the protein peak at 278 my to 
the composite Soret peak, located between 405 and 408 muy, may be used as 
a measure of the purification of the enzyme. The ratio is 1.45 for the pu- 
rified enzyme. 

That the iron porphyrin is associated with the enzyme itself and is not 
due to traces of contaminating hemoglobin is substantiated by several ob- 
servations. First, the absorption maxima of the various states of the en- 
zyme are slightly, but significantly, different from those of hemoglobin. 
Second, repeated treatment of the enzyme with ethanol-chloroform under 
conditions identical with those of Step 1 in the purification procedure, 
whereby hemoglobin is denatured, does not lead to any further decrease in 
color or to further denaturation. Third, the ratio of enzymatic activity to 
the light absorption due to the porphyrin moiety is constant after the first 
stage during purification. Fourth, the enzyme is eluted from ion exchange 
columns under conditions whereby the multiple forms of hemoglobin (16) 
are still adsorbed.” Fifth, crystalline hemoglobin itself displays no activ: 
ity as a methemoglobin reductase. Finally, under anaerobic conditions 
and with substrate amounts of enzyme, the iron porphyrin moiety can be 
reduced quantitatively by substrate amounts of reduced methylene blue or 
by substrate amounts of TPNH in the presence of catalytic amounts of 
methylene blue. These results will be reported in a subsequent communi- 
cation.’ 

It is proposed, then, that the iron porphyrin group is a functional part 
of the enzyme, and that it does not represent traces of contaminating he- 
moglobin, although the iron porphyrin moiety of the two proteins may be 
identical. 


Molecular Weight Determination from Total Iron and Hemochromogen — 


Analyses—Two separate aliquots of the purified enzyme were converted to 
the pyridine hemochromogen. The absorption maxima were at 418, 522, 
and 553 mu. From the optical density values at 553 my, the heme con- 
tent of the enzyme was calculated to be 5.47 and 5.51 X 10~-* mmole per 
mg. of protein. Assuming 1 heme per mole, this would correspond to a 
minimal molecular weight of 182,000. Total iron determinations, with 
cytochrome c as an internal control for the analytical method, gave an av- 
erage value of 5.31 K 10-* mmole per mg. of protein, or a molecular weight 
of 188,000. The actual molecular weight of the enzyme may be lowered 
slightly by a factor representing the absolute purity of the enzyme. 
Spectrophotometric Demonstration of Activity—At all stages of purification 


8 A solution of the enzyme (specific activity = 72) containing 1.63 mg. per ml. of 
total protein had an optical density of 1.050 at 406 mu. Assuming a molecular weight 
of 1.85 X 10‘, this would correspond to e = 119 XK 10° sq. cm. per mole for the Soret 
peak. The e values for the Soret peaks of HbO. and MHb are each approximately 
130 X 10° sq. cm. per mole (15). 
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beyond the hemolysate, the enzyme can be assayed most conveniently by 
following the disappearance of TPNH spectrophotometrically at 340 mu. 
As shown in Fig. 2, TPNH was oxidized slowly by endogenous oxygen in 
the presence of enzyme alone, but the rate was increased markedly upon 
the addition of the methylene blue. After the TPNH had disappeared 
completely, the reaction was stopped by heat denaturation, and the super- 


11 
.300- OPNH 
-200- 
8 
&. 100- 
~ 
2 
0 20 40 60 80 


Time (Min.) 

Fic. 2. Spectrophotometric demonstration of TPNH and DPNH oxidase. @, 
TPNH; O, DPNH. Assay system as described under ‘‘Experimental,’’ except that 
the TPNH or DPNH was increased to 0.17 umole and the amount of enzyme was in- 
creased to 20 units. Methylene blue was added at Arrow 1. Values are not cor- 
rected for the blank without enzyme which amounted to a Ajo value of 0.022. At 
Arrow 2, the reaction was stopped by heating to 100° for 5 minutes, the denatured 
protein removed by centrifugation, and the supernatant fluid returned to the cuvette. 
In the experiment with TPNH, 6 umoles of isocitrate, 2 umoles of MgClz, and 0.02 
ml. of isocitric dehydrogenase were added and the light absorption was followed 
again. In theexperiment with DPNH, 200 umoles of Tris buffer, pH 9.5, 100 umoles 
of ethanol, and 0.01 ml. of alcohol dehydrogenase were added. 


natant fluid, after a brief centrifugation, was analyzed for TPN with the 
components of the glucose-6-phosphate dehydrogenase system. The light 
absorption returned nearly to its initial value, showing that the initial re- 
action was that of TPNH oxidation rather than TPNH destruction. 

The DPNH activity of the enzyme was demonstrated by a parallel ex- 
periment (see also Fig. 2) in which conversion of DPNH to DPN in the in- 
itial reaction was shown by adding the components of the alcohol dehydro- 
genase system. 

Ratio of Activity with TPNH and DPNH—Previous work had indicated 
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the existence of two separate enzymes for the reduction of MHb, one spe- 
cific for TPNH and the other for DPNH. For example, Kiese (7) demon- 
strated in hemolysates that glucose and lactate were additive in their abil- 
ity to reduce MHb and that, when each of these substrates was employed, 
a different K,, value was obtained for the cofactor, methylene blue. 

With the enzyme at the highest stage of purification, the ratio of TPNH 
to DPNH activity was 5.4 when the assays were performed under parallel 
conditions. This ratio is not appreciably different from that at Step 1, 
where the value was approximately 3.5. In the latter case, the ratio is less 
reliable, owing to the relatively large amount of protein required for the 
assay. These data suggest that the present enzyme, as isolated, is spe- 
cific for TPNH, but that it has some activity with DPNH. There may 
exist, in addition, a DPN-specific reductase which is destroyed during the 
above isolation procedure. 

Inhibitors—The enzyme is inhibited (a) approximately 25 per cent by 
Catt, Bat+, Mn*-, sulfate, and pyrophosphate, each at a final concentra- | 
tion of 10-* m; (b) 40 per cent by Zn** or atebrin at 10~* mM; (c) 20 per cent | 
by p-chloromercuribenzoate at 10-5 Mm; and (d) 50 per cent by Hgt* at 10-° 
M. The enzyme is not inhibited appreciably by riboflavin, riboflavin phos- 
phate, flavin adenine dinucleotide, 2,4-dinitrophenol, gramicidin, 8-hy- 
droxyquinoline, isonicotinic hydrazide, arsenite, arsenate, iodoacetate, io- 
dosobenzoate, or Versenate, each at a final concentration of 10-2? mM. The 
pattern of inhibition for this enzyme is similar to that observed previously 
for the DPNH oxidase isolated from pig heart (17). 

Terminal Electron Acceptors—In Paper III (5) and in the present inves- 
tigation it has been shown that oxygen serves as a terminal electron accep- — 
tor in the presence of catalytic amounts of methylene blue. Under an- — 
aerobic conditions, 7.e. in evacuated cuvettes or in Thunberg tubes, 
methylene blue or 2 ,6-dichlorophenol-indophenol may be used as an acceptor. 

Kiese has presented evidence that either methemoglobin or oxygen can 
be used as terminal electron acceptors for the enzyme and that they are 
competitive with each other. Using the purified enzyme, we have con- | 
firmed his findings and have found that cytochrome c® may be used also | 
as a terminal acceptor. A summary of comparative rates of reduction for | 
the three acceptors, oxygen, MHb, and cytochrome c, is presented in Table — 
II. 

For either cytochrome c or MHb, the stoichiometry is as follows: om 


TPNH + 2 cytochrome ct**+ — TPN* + 2 cytochrome c** + H* (1) 


— 


* There is no crossed specificity in this reaction, since methemoglobin will not 
replace cytochrome c in the DPNH cytochrome c reductase from pig heart (18) or 
the TPNH cytochrome c reductase from yeast (19). Altman (20) has found, however, 
that a preparation from brewers’ yeast contains MHb reductase activity. 


~ 
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The reduction of these acceptors was followed by means of the optical den- 
sity changes at 550 my for cytochrome c and 630 my or 575 my for MHb. 
The initial rates, linear over a 0 to 5 minute interval, were 39.6 X 1077 
mmoles per ml. per minute for cytochrome c and 3.6 KX 10-7 for MHb. Ac- 
cording to Equation 1, these values would correspond to rates of TPNH 
oxidation of 19.8 K 10-7 and 1.8 X 10°’, respectively. Since the actual 
rates of TPNH oxidation, as measured by changes in optical density at 


TaBLeE II 


Terminal Electron Acceptors 


Rate of TPNH disappearance, mmoles per ml. 
per min. X 10? 
Acceptor 
Observed Due to Oz 


The standard assay system was used as described under ‘‘Experimental,’’ except 
that 0.3 umole of TPNH was used. Successive spectra at given time intervals were 
run on the Cary recording spectrophotometer. For oxygen, the reaction was fol- 
lowed at 340 my, with Ae of 6.22 K 10° sq. cm. per mole being used for the difference 
between TPNH and TPN. For cytochrome ec, the reaction was followed at 550 mu 
by use of Ae = 18.5 X 10® (21) for the difference between oxidized and reduced cyto- 
chrome c, and at 340 mu for TPNH (Ae = 0 for oxidized and reduced cytochrome c at 
340 mu). For MHb, the reaction was followed at 630 my (Ae = 4.0 X 10° (15)), at 575 
mu (Ae = 14.0 X 10° (15)), and at 340 my (Ae = 7.0 X 10° for MHb and HbO; at 340 
mu). The rate of reduction of MHb calculated from the optical density changes at 
630 mu was 3.0 X 107-7, and 3.6 X 107’, the changes at 575 my being utilized. The 
latter value was used, since the Ae at 575 my is larger. All the rates were taken 
over an initial period (0 to 5 minutes) and were corrected for blanks without 
enzyme. 


340 mu, were 22.5 X 10-7 and 10.0 X 10~’, it is apparent that the differ- 
ences, 2.7 X 10-7 and 8.2 X 10~’, represent the oxidation of TPNH due 
to oxygen, acting in competition with the porphyrins. 

When oxygen is used alone as the acceptor, the rate of TPNH oxidation 
is 12.5 X 10-7 mmole per ml. per minute. From this value the rate of oxy- 
gen reduction would be either 6.3 X 10-7 or 12.5 X 10-’, depending upon 
whether Equation 2 or 3 is operative. 


TPNH + H* + 40, — TPN* + H,O (2) 
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At present, it has not been possible to determine conclusively whether H,0 
or H,O: is the product of oxygen reduction in this system.’° 

It is apparent that cytochrome c is a preferred acceptor to oxygen, for 
the initial concentration of the heme compound was approximately 3 x 
10-° m, as compared to the oxygen concentration of approximately 2.4 x 
10-4 m (22). 

The favored utilization of cytochrome c by the enzyme is somewhat sur- 
prising, inasmuch as the mature erythrocyte contains no endogenous cyto- 
chrome c. It is possible that, in the nucleated or immature stage, the 
erythrocyte uses the enzymes as a cytochrome reductase, but that, upon 
maturation and the concomitant reversion to a more anaerobic type of me- 
tabolism, the enzyme functions only as a methemoglobin reductase. | 

Electron Transport Scheme—From the evidence presented above, it seems 
permissible to formulate the electron transport scheme of the enzyme as 
follows: 


TPNH MeB heme O2, MHb, or cytochrome c (4) 


The enzyme is thus considered to have two prosthetic groups: (1) an un- | 
known carrier, which is detached during purification and must be substi- 
tuted for by methylene blue or other autoxidizable dyes; and (2) a tightly 
bound iron porphyrin moiety. Under anaerobic conditions it can be 
shown’ that TPNH reacts first with the dye, that the reduced dye inter- 
acts readily with the iron porphyrin, and that the iron porphyrin, in turn, { 
reduces molecular oxygen. Under aerobic conditions it is possible that the 
reduced dye would interact directly with oxygen, thus by-passing the por- 
phyrin component. However, we have been unable to demonstrate the _! 
formation of hydrogen peroxide under these conditions.!® p t 
Role of Methylene Blue and Other Carriers—As shown in this investiga- 
tion and previously (5), the enzyme, as isolated from human erythrocytes, 
has an absolute requirement for methylene blue, or other autoxidizable 
dyes, as an electron carrier. Toxoflavin, a pigment elaborated by Pseudo- 
monas cocovenen (Bacterium bongkrek), also stimulates the enzyme (23). In — 
the search for the physiological electron carrier, a great variety of known 
coenzymes and metal ions were tried, including riboflavin, flavin mono- 
nucleotide, flavin adenine dinucleotide," reduced glutathione, ascorbic acid, 


10 When excess catalase and ethanol were added to the manometric system, there 
was observed no doubling of the oxygen uptake, as noted previously with the DPNH 
oxidase from pig heart (17). This fact would suggest that oxygen is being reduced to | lf 
water rather than to hydrogen peroxide in this system. I 

11 The purified enzyme contains no flavin, as evidenced by the absorption spectrum I 
(see Fig. 1) or by paper chromatographic examination (24) of the supernatant fluid 
of heat- and trichloroacetic acid-denatured preparations. Ic 
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and ergothioneine. All were without effect. Recently, we have found that 
the methemoglobin reductase, isolated from beef erythrocytes, does not re- 
quire methylene blue for activity. When the beef blood enzyme is boiled, 
a material is obtained which activates the human reductase.?. The puri- 
fication and properties of this natural cofactor are currently under investi- 
gation. 

It is of interest to recall that the disease, congenital methemoglobinemia, 
which is characterized by steady state levels of MHb in the erythrocytes 
as high as 10 to 30 per cent, has been treated successfully by periodic in- 
fusion of massive amounts of methylene blue (25). 


The authors are indebted to Dr. Preston Talbert for his contribution to 
this problem and to Dr. Clement Finch for many helpful discussions on 
the clinical aspects of methemoglobinemia. 


SUMMARY 


1. Reduced triphosphopyridine nucleotide oxidase, or methemoglobin re- 
ductase, has been isolated from hemolysates of human, mature erythrocytes 
by means of ethanol-chloroform treatment, precipitation of inert proteins 
at pH 5.4, and ammonium sulfate fractionation. 

2. The enzyme is a hemoprotein with a molecular weight of approxi- 
mately 185,000, based upon pyridine hemochromogen and total iron de- 
terminations. 

3. The enzyme oxidizes reduced triphosphopyridine nucleotide, and to a 
lesser extent reduced diphosphopyridine nucleotide, with oxygen, methe- 
moglobin, or cytochrome c as the terminal electron acceptor. Methylene 
blue is required as an electron carrier. 
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ADRENOCORTICAL STEROID C-20-KETO REDUCTASE* 


By RICHARD O. RECKNAGEL 


(From the Department of Physiology, School of Medicine, Western Reserve University, 
Cleveland, Ohio) 


(Received for publication, September 4, 1956) 


Previous work from this laboratory established that whole homogenates 
of rat liver actively alter the characteristic 17 ,21-dihydroxy-20-ketone side 
chain of adrenocortical steroids (2). The enzyme was found in both the 
microsome and supernatant fractions obtained by conventional! differential 
centrifugation (3). The rate of the reaction was markedly accelerated upon 
the addition of cosubstrates (citrate, isocitrate, G-6-P?) oxidized by TPN- 
dependent dehydrogenases (3). It has also been shown by product identi- 
fication that the degradation reaction involves a reduction of the C-20 
ketone to the corresponding C-20 alcohol (4). There seems to be little 
doubt that the C-20-keto reductase’ described here for rat liver is identical 
with the enzyme system described for rat liver by Hubener et al. (7), 
Forchielli et al. (8), and Eisenstein (9), and is similar to that described for 
hog liver by Caspi et al. (10) and for rabbit liver by Taylor (5). This 
report extends our earlier studies on the intracellular localization of the 
C-20-keto reductase reaction. Data on the pyridine nucleotide requirement 
of the C-20 keto reduction are presented, as well as observations on the 
stability of the enzyme and the relative inactivity of the C-20-keto reduc- 
tase system against steroids lacking the 17a-hydroxyl group. Previous 
observations by others on the liver metabolism of adrenocortical steroids 
are discussed in the light of the data presented in this report. 


* This investigation was supported by research grants Nos. A-329(C2) and A-331- 
(C2) from the National Institute of Arthritis and Metabolic Diseases, National In- 
stitutes of Health, United States Public Health Service. A preliminary report has 
been published (1). 

1The maximal gravitational field available in the preliminary work was 20,000 X 


? Abbreviations used are as follows: G-6-P, glucose 6-phosphate; TPN, triphospho- 
pyridine nucleotide; DPN, diphosphopyridine nucleotide; DPNH and TPNH, the 
corresponding reduced cofactors; Tris, tris(hydroxymethyl)aminomethane; RNA, 
ribonucleic acid; DOC, deoxycorticosterone; RN Ase, ribonuclease. 

’The term C-20-keto reductase is suggested for the system reducing the C-20 
ketone of adrenocortical and possibly other steroids (5). The justification for this 
term, apart from its obvious simplicity and suggestiveness, lies in the fact that a ma- 
jor metabolic pathway of the C-20 ketone involves reduction to the alcohol (6). 
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EXPERIMENTAL 


Male rats (The Holtzman Company, Madison 4, Wisconsin), 150 to 
300 gm. fed ad libitum, were used. The animals were killed by cervical 
section and exsanguinated. The liver was removed and placed in ice-cold 
0.25 m sucrose which was 0.04 m with respect to nicotinamide. This 
medium was used throughout all differential centrifugation steps which 
were at 0-2°. 

Homogenization and Differential Centrifugattion—Homogenization was 
carried out with an all-Lucite homogenizer of the Potter-Elvehjem type. 
The centrifugation techniques employed were adapted to the nature of the 
experiments. For the study of the intracellular localization of the C-20- 
keto reductase, a typical sedimentation and washing routine was employed. 


10 per cent whole homogenates of rat liver were centrifuged (International j 


table model centrifuge, head No. 213 or 215) twice for 12 minutes at 600 x 


g to remove the whole cells and nuclei. The nuclear sediment was washed | 


twice. The combined homogenate and washings were sedimented at 
6000 X g for 15 minutes (American Instrument Company, Inc., high speed 
angle centrifuge, equipped with refrigeration, tube angle 32°). These 
centrifugation conditions sediment all mitochondria and some microsomal 
material (11). Upon resuspension and resedimentation (two cycles), some 
microsomal material appears as a loose fluffy layer, which was removed 


and added to the S, fraction.‘ For experiments in which the distribution 5 


of the C-20-keto reductase was studied in the S, fraction, or for obtaining 
microsomes rapidly for routine use, whole homogenates were centrifuged 
at 6000 X g to remove nuclei and mitochondria together, and the sediment 
was washed once. The resulting S, fraction, including any loose fluffy 
material, was then subjected immediately to enzyme study. The Spinco 
preparative ultracentrifuge, model L, was used to sediment microsomes. 
Materials—Glucose-6-phosphate dehydrogenase, TPN, DPN, and 
DPNH were products of the Sigma Chemical Company. TPNH was 
prepared from TPN by a slight modification of the hydrosulfite method of 
Gutchko and Stewart (12). A molar absorbancy index of 6.22 X 10 
liters per mole per cm. (13) was used to calculate TPNH and DPNH 
concentrations from readings at 340 my in the Beckman DU spectrophotom- 
eter. Crystalline alcohol dehydrogenase was obtained from the Nutri- 
tional Biochemicals Corporation. The isocitric dehydrogenase preparation 
was an extract (0.1 mM potassium phosphate buffer, pH 7.4) of pig heart 


acetone powder. The undiluted phosphate buffer extract had an activity ~ 


‘ Differential centrifugation terminology used is as follows: S¢ fraction, nuclei- 
and mitochondria-free supernatant fraction; S; fraction, final particle-free superna- 


tant fraction. An equivalent mg. (eq. mg.) of any fraction is the total amount of | 


that fraction obtained from 1 mg. of wet weight of whole liver. 
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of 2480 units per ml., assayed according to Grafflin and Ochoa (14). The 
cortisone used was a product of The Glidden Company; the corticosterone 
was a gift of Dr. A. Zaffaroni, Syntex Research Laboratories, Mexico 
City; the deoxycorticosterone was a gift from Dr. E. Myles Glenn, The 
Upjohn Company, Kalamazoo. 

Analytical—The course of the steroid reduction reaction was followed 
by substrate disappearance; the disappearance of the a-ketol side chain 
of DOC and corticosterone was followed with the blue tetrazolium reaction 
(15). Disappearance of the 17,21-dihydroxy-20-ketone side chain of 
cortisone was traced with the Porter-Silber reaction (16) and with blue 
tetrazolium. The total reaction volume was 5 ml. The reaction was 
stopped by the addition of 20 ml. of CHCl;. Extraction was carried out 
by mechanical shaking. The CHCl; extract was washed according to 
Glenn and Recknagel (2). Assays for unchanged steroid substrate were 
carried out on aliquots of the CHCl; extract, after removal of the CHCl; 
by evaporation under a stream of clean air. Tissue blank values were 
rarely above 0.040 optical density unit in any of the analytical procedures 
and were usually 0.025 orlower. The CHCl; extraction procedure efficiently 
removes unchanged steroids. In one series of fifteen experiments, the 
recovery of cortisone from control tubes as assayed spectrophotometrically 
at 240 my was 97.9 per cent, with a standard deviation of 5.18 per cent. 
In a parallel series of twenty experiments, the recovery of cortisone assayed 
according to Porter and Silber (16) was 98.0 per cent, with a standard 
deviation of 3.6 per cent. 


RESULTS AND DISCUSSION 


Pyridine Nucleotide Dependence of C-20-Keto Reductase Reaction—Experi- 
mental investigation of the intracellular localization of the C-20-keto 
reductase system and further efforts to purify the enzyme clearly require a 
supply of the necessary cofactors for the reaction. It is for this reason 
that the question of the source of the hydrogen in the reduction reaction, 
t.e. the possibility that a reduced pyridine nucleotide may function as a 
specific cofactor, is decisive at the present time in the further study of this 
problem. The pyridine nucleotide requirement of the C-20-keto reductase 
reaction was first suggested in view of the interpretation of the “dilution 
effect’? data of Recknagel and Glenn (3). It was observed that the C-20- 
keto reductase activity of relatively high concentrations of rat liver S, 
fractions was proportional to enzyme concentration but that the activity 
of the system upon dilution decreased far more than would be expected 
from the dilution factor alone. This dilution effect is characteristic of 
complex cofactor-requiring or multienzyme systems and suggests that a 
necessary factor or factors are present in sufficiently high concentration 
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when large amounts of the crude enzyme are added but is diluted out when 
lesser amounts of enzyme are used. The fact that the dilution effect was 
overcome upon addition of citrate, isocitrate, or G-6-P suggested that the 
system required TPNH as hydrogen donor, since these substrates are 
oxidized by TPN-dependent dehydrogenases. Further indirect evidence 
bearing on the pyridine nucleotide requirement of the C-20-keto reductase 
reaction may be derived from observations on the apparent instability of 
the enzyme. It was observed earlier by Glenn and Recknagel (2), and 
more recently by Hubener et al, (7), that the C-20-keto reductase activity 
of the microsomes decreases during differential centrifugation procedures, 
The fact that the C-20-keto reductase system has been shown to be a 
relatively stable enzyme (see below), provided that the assay is carried out 
in the presence of a TPNH-generating system, clearly indicates the pyri- 
dine nucleotide requirement of the system. The enhancement in activity 
on recombination of microsomes and supernatant fraction reported earlier 
by Recknagel and Glenn (3), and more recently by Hubener e¢ al. (7), 
appears to be due to the presence in the supernatant fraction of the com- 
ponents of an endogenous TPNH-generating system. The conclusion of 
Hubener et al. (7) that the C-20-keto reductase reaction is not TPNH- 
dependent was based on an experiment in which the enzyme preparation 
was the supernatant fraction of a phosphate buffer, KCl homogenate of 
rat liver after centrifugation at 17,500 X g. This procedure would effec- 
tively remove a large fraction of the active enzyme which can be sedimented 
in part at 20,000 X g, even from 0.25 m sucrose homogenates which are 
known not to have the agglutinating effects on cell particulates as do media 
of high ionic strength (17). Hubener et al. (7) based their conclusion 
relevant to the non-dependence of the C-20 keto reduction on TPNH on 
the fact that the vield of 6-cortol5 from tetrahydro F was only 10 per cent 
in comparison to 6 per cent in the absence of a TPNH-generating system. 
It appears to us that the conclusion was unjustified either in view of the 
fact that in their experiments the TPNH-generating system did produce 
a 67 per cent increase in activity or because the low yields do not permit a 
decision to be made. 

Direct evidence for the pyridine nucleotide dependence of the C-20-keto 
reductase reaction is presented in Table I. Failure of added isocitric 
dehydrogenase to augment a system already containing TPN, isocitrate, 
and manganese is attributed to endogenous isocitric dehydrogenase present 
in the crude enzyme. There can be little doubt, from the data presented, 
that the C-20 keto reduction is markedly accelerated in the presence of a 
TPNH-generating system. 

Determination of the pyridine nucleotide specificity of the C-20-keto 


5 See Fukushima et al. (6) for nomenclature. 
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reductase reaction by direct addition of chemically reduced DPNH or 
TPNH was not possible because of the presence of active DPNH and 
TPNH oxidase activity in the microsomes. However, it was possible to 
maintain a continuous supply of DPNH by employing the alcohol dehydro- 
genase system at pH 8.8. Because of its relatively high potential, Ey’ = 
—0.20 volt (18), the ethanol-acetaldehyde system cannot reduce the 
DPNH-DPN system, EF)’ = —0.32 volt (19), at neutrality. However, as 
the pH becomes more alkaline (20) the potential of the ethanol-acetalde- 
hyde system becomes more negative at twice the rate of that of the DPN H- 
DPN system. The reduction pressure of a large excess of ethanol is then 
able to achieve a significant reduction of DPN. The data of Table II in- 


TABLE I 
Dependence of Microsomal C-20-Keto Reductase on TPNH-Generating System 


C-20 ketone lost 
+ TPN + 28 
+ ‘ isocitric de- 


Conditions: 200 eq.mg. of rat liver microsomes, 100 zmoles of Tris buffer, pH 7.4, 
3umoles of MnClz, 200 umoles of nicotinamide, 20 umoles of isocitrate, 3 umoles of 
TPN, 180 y of cortisone, plus added isocitric dehydrogenase in the complete system. 
Final volume, 5.0 ml.; incubation in air at 37.5° for 30 minutes. 


dicate that, under conditions by which the reduction pressure (7.e. value 
of £,) of the DPNH-DPN system was equal to that of the TPNH-TPN 
system, the extent of the C-20-keto reductase reaction with DPNH was 
only one-sixth of that with TPNH. The conclusion that the C-20-keto 
reductase shows a rather marked preference for TPNH appears justified. 
Intracellular Localization of C-20-Keto Reductase Activity—Previous data 
(3) indicated that the C-20-keto reductase reaction was absent from the 
nuclear and mitochondrial fractions. However, it was pointed out (3) 
that, since the reaction appeared to require an auxiliary supply of TPNH, 
the failure of the nuclear and mitochondrial fractions to exhibit C-20-keto 
reductase activity might be due to absence of endogenous dehydrogenases 
for the cosubstrates used (G-6-P, isocitrate). This question was re- 
examined under conditions whereby TPNH was continuously supplied by 
the G-6-P dehydrogenase system (Fig. 1). The quantity of glucose-6- 
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TaBLeE II 
Pyridine Nucleotide Specificity of C-20-Keto Reductase Reaction 
i f pyridine 
Pyridine nucleotide 
reductant added : mars Cortisone lost 
tat 
males moles volt volt volt 
Isocitrate| 20)TPN|3.0| TPNH /1.3/1.7:1.3 | —0.324 | —0.114 | —0.375 | 68, 66, 61 
Ethanol |3440;|DPN|5.5| DPNH |2.8/ 2.7:2.8| —0.32 | —0.11 | —0.374/ 18, 7, 10, 
13, 10 


The calculated reduction potential (E£,) of either pyridine nucleotide system is 
given by: E, = E° + 0.03 log oxidized/reduced — 0.03 pH, in which ‘‘Oxidized”’ and 
“Reduced”’ are the actual experimental concentrations found for the oxidized and re- 
duced forms of the pyridine nucleotide, pH 8.8, and the values of E° are the cor- 
responding E,’ values corrected to pH 1.0, according to the equation E® = E£,’ + 
0.03 pH. Other conditions, for both reactions, were 200 eq.mg. of rat liver micro- 
somes, 180 y of cortisone, 3 wzmoles of MnCle, 200 wzmoles of Tris buffer, pH 8.8, 300 
umoles of nicotinamide, and 0.2 ml. of ethanol. For the generation of TPNH, iso- 
citrate, isocitric dehydrogenase, and TPN were added. For the generation of 
DPNH, alcohol dehydrogenase and DPN were added. Final volume, 5 ml.; aerobic 
incubation at 37° for 60 minutes. 

* Determined by measuring the extinction at 340 mz of a 0.3 ml. aliquot of the 
reaction mixture read against a similar aliquot from a blank tube containing all the 
constituents except the pyridine nucleotide-generating system. 
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Fic. 1. Recovery of C-20-keto reductase activity in S2 fraction of rat liver. Con- 
ditions: 180 7 of cortisone, 100 umoles of potassium phosphate buffer, pH 7.4, 20 
umoles of MgCle, 15 wmoles of glucose 6-phosphate, 0.1 ml. of glucose-6-phosphate 
dehydrogenase, 1 zmole of TPN, 60 umoles of nicotinamide, and 750 umoles of sucrose; 
final volume, 5 ml.; anaerobic incubation for 60 minutes at 37°. 


R. O. RECKNAGEL 279 


| phosphate dehydrogenase added was sufficient to reduce completely the 
added TPN in7 minutes. The data of Fig. 1 confirm that the nuclei and 
mitochondria are devoid of C-20-keto reductase activity. In Fig. 2 are 
presented data obtained after prolonged high speed centrifugation of S» 
fractions in an effort to determine the distribution of the C-20-keto reduc- 
tase between the microsome and supernatant fractions. There can be 
* little doubt, in view of the data presented, that the C-20-keto reductase 
is in large measure associated with the microsomes. Since the protein 
content of the supernatant fraction is twice that of the microsomes (21), 
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Fig. 2. Recovery of C-20-keto reductase activity in the microsome fraction. 
Conditions: 180 y of cortisone, 100 umoles of Tris buffer, pH 7.4, 3 uwmoles of MnCl, 
20 uzmoles of isocitrate, 3 wmoles of TPN, 200 umoles of nicotinamide; final volume, 
5.0 ml.; aerobic incubation for 30 minutes at 37.5°. Experiments 1 and 2 refer to 
two separate experiments. 


the enzyme is concentrated in the microsome fraction to a very high 
degree. 

Stability of C-20-Keto Reductase and Binding to Microsomes—It was 
reported earlier by Glenn and Recknagel (2) and more recently by Hubener 
et al. (7) that the C-20-keto reductase was unstable. Hubener ef al. 
attributed the loss of activity observed on fractionation of the homogenate 
to mechanical destruction of the microsomes. However, contrary to these 
reports, the C-20-keto reductase activity of rat liver microsomes has been 
found to be stable under a variety of experimental conditions, provided 
that a TPNH-generating system is added (Table III). It may be pointed 
out that freezing and hypotonic media are very destructive of the labile 
| enzymes of oxidative phosphorylation associated with mitochondria. 
Work of Christie and Judah (22) and Dianzani (23) has indicated that rat 
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liver mitochondria are sensitive to CCl,, and work in this laboratory® has 
also indicated that CCl, and other hydrocarbons in small concentration 
markedly alter typical biochemical properties of the mitochondria. The 
extreme sensitivity of mitochondria to freezing, mechanical agitation, 
hypotonic media, and CCl, and the insensitivity of the microsomal C-20- 
keto reductase to these treatments indicate a relatively high order of 
stability for this enzyme. In several experiments, C-20-keto reductase 
activity after lyophilization compared favorably with that of fresh mi- 
crosomes. In the light of the above data pertinent to the relative stability 
of the C-20-keto reductase system, the earlier findings of instability can 
now be ascribed to loss of one or more components of an endogenous 


TaBLeE III 
Stability of Microsomal C-20-Keto Reductase 
Data are given in per cent loss of activity in comparison to fresh microsomes. 


Loss of C-20-keto reductase 


Frozen, thawed, and analyzed immediately.............. No loss of activity 
Washed in hypotonic medium (0.04 M nicotinamide)........ 

Treated with aqueous saturated CCl,.................... 


Conditions: 180 y of cortisone, 100 uzmoles of potassium phosphate buffer, pH 7.4, 
3 umoles of TPN, 20 wmoles of MgClo, 21 umoles of G-6-P, 0.1 ml. of G-6-P dehydro- 
genase (24); final volume, 5 ml.; 30 minutes incubation at 38°. For the experiment 
with CCl,, the microsomes were suspended for 20 minutes at 0° in 0.25 m sucrose 
which had been equilibrated against CCl,. The microsomes were subsequently re- 
covered by centrifugation at 2.4 X 10° g-minutes (25) and assayed. 


TPN H-generating system. The fact that isocitric dehydrogenase (26) and 
glucose-6-phosphate dehydrogenase (25) are both largely soluble enzymes 
supports this supposition. 

In the course of a number of experiments designed to solubilize the 
microsomal C-20-keto reductase activity, it became evident that this 
enzyme is tightly bound to the microsome fraction. The enzyme could 
not be removed by two successive washes with the 0.25 m sucrose, 0.04 M 
nicotinamide medium, or with 1.0m KCl. The enzyme resisted solubiliza- 
tion in a mechanical cell disintegrator. The apparatus used (courtesy of 
the Biochemistry Department, Western Reserve University) was essentially 
that described by Nossal (27) and was run for 20 seconds at 6500 cycles 
per minute; 8.0 ml. of 25 per cent microsomes were used with 7.5 gm. of 
ground glass. Treatment of the microsomes with ribonuclease resulted in 
no loss of C-20-keto reductase activity, and all the enzyme activity re- 


6 R. O. Recknagel, unpublished. 
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as mained associated with the insoluble residue following RNAase digestion. 
on It was found that 250 eq. mg. of liver microsomes required 750 y of crystal- 
he line RN Aase (Nutritional Biochemicals Corporation) for maximal digestion 
n, 
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he Fig. 3. Substrate specificity of the C-20-keto reductase. Conditions: A, same as 
is those in Table I, except that the S, fraction was added as indicated. Either 180 
ld y of cortisone or 180 y of DOC were added per reaction tube. Incubation at 38° for 

l hour. B, same as A, except that either 180 y of hydrocortisone or 180 y of corti- 
as costerone were added. O, reaction followed with phenylhydrazine (16); A, reaction 
a- followed with blue tetrazolium (15). 
of 3 
ly of RNA in 20 minutes at 37° (glycylglycine buffer, pH 7.0), as evidenced 
es by the fact that no further material absorbing at E2s) was released from 
of | the microsomes into solution with larger amounts of RNAase. It was 
in found that C-20-keto reductase activity was destroyed when the micro- 
e- somes were treated with 1 per cent, 3 per cent, or 6 per cent aqueous 


saponin. Aqueous 1 per cent digitonin almost completely destroyed the 
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enzyme, and its activity was inhibited 50 per cent at a final concentration 
of 0.05 per cent deoxycholate. Some success in solubilization of the 
enzyme has been achieved with sodium lauryl] sulfate (Duponol PS, du 
Pont). 

Substrate Specificity of C-20-Keto Reductase—Data presented in Fig. 3 
indicate that the C-20-keto reductase of rat liver shows a marked preference 
for steroids with a characteristic 17 ,21-dihydroxy-20-ketone side chain and 
is relatively inactive against steroids lacking the 17a-hydroxy] group. 

The possibility was considered that steroids lacking the 17a-hydroxy 
group would be reduced by DPNH. However, in an experiment with rat 
liver microsomes, it was shown that C-20 reduction of DOC proceeded to 
only a very small extent when DPNH was supplied via alcohol —— 
genase at pH 8.8. 


DISCUSSION 


Schneider and Horstmann (28), using rat liver slices, found that side 
chain disappearance of various adrenocortical steroids as measured by 
periodate oxidation was much less marked than when measured as disap- 
pearance of Porter-Silber-reacting material. The tentative conclusion of 
these authors that the degradation of the side chain involved a reduction 
of the C-20 ketone has since been amply confirmed. Since these early 
experiments, two distinct but complementary lines of work on this problem 
have developed, one to study the intracellular localization and mechanism 
of the reaction in greater detail and the other to establish the nature of 
the reaction products. The main emphasis has been on the later aspect 
of the problem. Thus, Schneider, in a subsequent study (29), presented 
ample evidence that the A‘-3-ketone of DOC was reduced to a variety of 
allopregnane derivatives, but the yield of the C-20 reduction product was 
very low. The data of Fig. 3, A, indicating the relative inactivity of the 
C-20-keto reductase of rat liver toward DOC, provides an explanation at 
the enzyme level for this observation. The conclusion of Schneider that 
the a-ketol side chain is more resistant to enzymatic alteration than the 
A‘-3-ketone must now be limited to the 17-deoxysteroids. Furthermore, 
since DOC is extensively reduced at C-20 by hog liver (10), the generaliza- 
tion must be limited to the rat. The definitive product identification 
studies of Caspi et al. (10) and of Hubener et al. (7) have left no doubt that 
hog and rat liver can extensively reduce the C-20 ketone of adrenocortical 
steroids. The identification of C-20-reduced steroids in human urine (6) 
has also established for man the importance of this reaction in the metab- 
olism of the adrenocortical steroids. 

The main line of emphasis of the work in this laboratory has been to 
establish the intracellular localization of the C-20-keto reductase activity 
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and to establish the source of the hydrogen for the reductive step. Previous 
work on the question of the intracellular localization of the C-20-keto 
reductase has not been definitive due partly to a failure to supply reduced 
TPNH (3) and partly to a concentration of effort on product identification 
(7) rather than on an effort to obtain quantitative recovery of the enzyme 
activity in the various fractions equal to the unfractionated whole homog- 
enate. Work of other laboratories (7, 10) has also not been definitive 
with regard to the question of the source of the hydrogen in the C-20-keto 
reductase reaction. No conclusions regarding the possible role of reduced 
pyridine nucleotides as hydrogen donors can be drawn by adding the 
oxidized cofactors, if an auxiliary enzyme system capable of maintaining the 
cofactor in the reduced state is not provided. Negative results following 
addition of the reduced cofactors are also not conclusive under conditions in 
which side reactions such as TPNH or DPNH oxidase activities may oxi- 
datively remove the hydrogen which might otherwise serve as a source of 
reductive potential in the main reaction. Only under conditions in 
which the actual reduction potential of the pyridine nucleotide system is 
maintained sufficiently negative by an auxiliary reducing system and the 
actual concentration of the reduced cofactor is adequate for the K,, of the 
enzyme activating the steroid is it possible to draw any conclusions regard- 
ing either the requirement or specificity of the steroid reductase for a 
reduced cofactor. 
SUMMARY 


An adrenocortical steroid C-20-keto reductase, prepared from rat liver, 
will actively reduce the C-20 ketone group of cortisone in the presence of a 
reduced triphosphopyridine nucleotide (TPNH)-generating system. The 
reduction reaction exhibits a relative specificity for TPNH. 

The C-20-keto reductase is predominantly associated with the microsome 
fraction; nuclei, mitochondria, and final supernatant fractions have little 
or no activity. The microsomal C-20-keto reductase activity is firmly 
bound to the microsome fraction. 

The C-20-keto reductase exhibits a relative specificity for steroids with 
a 17 ,21-dihydroxy-20-ketone type side chain. Two 17-deoxy type steroids 
were relatively inactive in the C-20-keto reductase reaction. 


The technical assistance of Miss Marylin Litteria is gratefully acknowl- 
edged. 
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SPECTROPHOTOMETRIC STUDIES 


XVI. DETERMINATION OF THE OXYGEN SATURATION OF BLOOD BY 
A SIMPLIFIED TECHNIQUE, APPLICABLE TO 
STANDARD EQUIPMENT* : 


By EDWIN GORDYft anp DAVID L. DRABKIN 


(From the Department of Biochemistry, The Graduate School of Medicine, University of 
Pennsylvania, Philadelphia, Pennsylvania) 


With a Note By JuLian B. Marsnt 


(Received for publication, December 17, 1956) 


The metabolism, as measured by oxygen consumption, of organs in 
situ is being increasingly investigated by the vascular catheterization 
technique (see Drabkin (3) for pertinent literature). The oxygen consump- 
tion is derived from the arteriovenous difference in the oxygen saturation 
or percentage of oxyhemoglobin (4) of blood entering and leaving the 
tissue. Such work has pointed to the need of a practical and withal 
reliable method for the routine analysis of the oxygen saturation of small 
blood samples (5, 6). Probably the most accurate determination of the 
percentage of oxyhemoglobin available at present is the direct spectrophoto- 
metric method of Drabkin and Schmidt (7), which avoids certain inac- 
curacies inherent in the standard, indirect gasometric technique employed 
for many years (8, 9). The extension of optical instrumentation to the 
analysis of oxygen saturation was made possible by the use of the Drabkin 
and Austin special cuvette of calibrated 0.007 cm. depth (10), which had 
been introduced much earlier for measurements of this type upon whole 
blood or concentrated hemoglobin solutions unexposed to air. An impor- 
tant advantage of the 0.007 cm. cuvette is that it permits the examination 
of undiluted blood and thereby circumvents the volumetric measurement 
of the sample, which remains one of the least accurate steps of analytical 


* This work was done under contract between the Office of Naval Research and 
the Bureau of Medicine and Surgery, Department of the Navy, and the University 
of Pennsylvania. Reproduction in whole or in part is permitted for any purpose by 
the United States Government. Preliminary reports have been made (1, 2). 

The data in this paper are largely taken from a portion of a thesis on ‘‘The optical 
properties of hemolyzed and whole blood,’’ presented by Edwin Gordy to the Faculty 
of the Graduate School of Medicine of the University of Pennsylvania in partial ful- 
filment for the degree of Doctor of Medical Sciences. 

t Fellow in Biochemistry. Present address, Instrument Design Section, Roswell 
Park Memorial Institute, Buffalo, New York. 

t Present address, Department of Biochemistry, Graduate School of Medicine, 
University of Pennsylvania. 
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procedures upon this viscid fluid. However, the very thin layer cuvette 
of Drabkin and Austin, designed originally for measurements largely in the 
green spectral region (Fig. 1, Region 2), is of delicate construction (see 
Drabkin and Austin (10), and Drabkin (11)) and is not ideally suited for 
routine practice. 
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Fig. 1. Absorption spectrum curves, plotted as log E (log of the molecular ez- 
tinction coefficient (11)) against wave length in millimicrons, for oxyhemoglobin, 
HbO:, deoxygenated hemoglobin, Hb, and carbonyl hemoglobin, HbCO. The curves 
illustrate how the quantity of selective absorption in different spectral regions deter- 
mines the choice of depth of layer, d, or concentration, c, to secure optimal spectro- 
photometric measurement of transmission, 7 (11). A pigment such as HbO; has 
about a 500-fold difference in density over the range of the infrared, visible, and ul- 
traviolet regions, and three different cuvette depths with the same concentration, 
or three different ranges of concentration with the same cuvette depth are required 
for accurate measurement (11). Isosbestic points (regions of equal absorption), as 
at 805 and 505 my, are evident in spectral Regions 1,2, and 3. Each of these regions 
may be suitable for the determination of two or all three of these pigments when they 
are present together in the sample. The preferential choice of one of the regions 
depends upon the nature of the problem (see Drabkin (11)). Owing to the similarity 
of the absorption curves in Region 4, the ultraviolet region, this portion of the spec- 
trum is obviously unsuitable for the determination of mixtures of hemoglobin deriva- 
tives. 


The principles of the thin layer spectrophotometric technique in the 
determination of oxygen saturation (7, 10) have been the basis of a number 
of proposed modified methods (12—15) in which one compromise or another 
has been employed to attain simplification. It may be seen from the 
selective absorption characteristics of oxyhemoglobin, HbO:, and deoxy- 
genated hemoglobin, Hb (Fig. 1), that two factors, dilution and spectral 
region, determine the optimal depth to be used in spectrophotometry. 
In an appropriate spectral wave band in the red (700 to 600 my), a cuvette 
of much greater depth than 0.007 cm. can be employed. In this communi- 
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cation a simplified direct spectrophotometric technique for the measure- 
ment of the percentage of HbO, in undiluted blood will be described. The 
procedure retains desirable features in the original Drabkin and Schmidt 
method (7), but is applicable to standard photoelectric photometric 
equipment such as the Beckman DU spectrophotometer and the recently 
available Bausch and Lomb Spectronic 20 instrument, with only minor 
modifications in the commonly employed 1 cm. depth cuvettes. The 
reliability of this technique in comparison with the classical indirect 
gasometric procedure for oxygen saturation of Van Slyke and Neill 
(16) has been verified in extensive field trials, summarized in the ‘‘Note”’ 
appended to this paper by J. B. Marsh. 


Equipment and Analytical Procedure 


Modification of Beckman 1 Cm. Cuvette—The 1 cm. cuvette is converted 
to one with a nominal depth of 0.05 cm. by means of a snugly fitting, 
polished, parallel glass prism (Fig. 2).1. Our cuvette-prism combination 
has a calibrated optical depth of 0.067 cm., 10 times the depth of the 
Drabkin and Austin cuvette. An optical depth up to about 0.1 cm. can be 
employed effectively in the technique. The modified cuvette is sealed with 
a stopper cut from sponge rubber (Fig. 2). 

Preparation of Blood-Collecting Vessel—A 6 ml. capacity tonometer, as 
shown in Fig. 2 (7), is used in the anaerobic collection and hemolysis of the 
blood samples. Such vessels are prepared in advance as follows: 1 ml. of 
anticlotting hemolyzing solution is introduced into each and allowed to 
dry slowly on the inner surface in a thin uniform layer by gently drawing 
a stream of air through the tonometer. Care must be taken to avoid 
trapping of air bubbles during drying. The anticlotting hemolyzing 
solution contains 50 mg. of saponin (Merck, purified), 12 mg. of ammonium 
oxalate, 8 mg. of potassium oxalate, and 2 mg. of sodium carbonate per ml. 
The prepared tonometric vessels are connected (Fig. 2, a) to a small 
leveling bulb which serves as a mercury reservoir, and to a male needle 
adapter (Fig. 2,bandc). Through the reservoir, the tonometers, including 
their exit capillaries, are filled with thoroughly clean mercury, thereby | 
completely expelling the air. The blood-collecting assemblies are now 
ready to receive the samples. 

Collection of Blood Samples—The male needle adapter (Fig. 2, c) is 
attached to a needle and, with the lower stopcock of the collecting vessel 


1 Such a prism (3 em. high, 0.98 cm. wide, and 0.90 to 0.95 cm. thick) can be made 
to specification at low cost by any good opticians’ establishment, which does its own 
lens grinding. Only the two optical faces of the prism are polished. The snug fit 
of the prism in the transverse direction of the cuvette (internal width of about 0.99 
em.) is essential to insure alignment of the prism and reproducibility of depth. 
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open and the upper stopcock closed, the needle is introduced into the blood 
source (vein, artery, or catheter). During ensuing operations, the mercury- 
leveling bulb is kept at appropriate, slight negative pressure. By means of 


Fic. 2. Sketch, drawn to scale, showing transfer of anaerobically collected and 
hemolyzed blood sample from glass tonometric collecting vessel of 6 ml. capacity, A, 
into modified Beckman cuvette, B. The cuvette is represented in vertical and trans- 
verse sections, the latter with entry and exit ports (needles) removed, ready for spec- 
trophotometric measurement. Arrows indicate the direction of luminous flux. a, 
18 inch length of plastic tubing (Tygon, outside diameter 7 mm., inside diameter 4 
mm.) to mercury reservoir in small leveling bulb, held at slight positive pressure; 
0, linch length of Tygon tubing (same as in a), connecting collecting vessel with male 
metal needle adapter, c; d, female half of B-D type LLX 3 inch metal needle exten- 
sion (see the text); e, 6 inch length of thin, flexible polyethylene tubing (outside 
diameter 2 mm., inside diameter 1.5 mm.); f, male half of B-D type LLX (see the 
text); g, 25 gauge, 2 inch needle (entry port); h, short 20 gauge needle (exit port); 
i, tightly fitting stopper cut from sponge rubber; j, snugly fitting polished glass slab, 
which reduces the optical depth of the Beckman cuvette from 1 cm. to 0.067 cm.; k, 
thin (0.067 cm.) layer of sample. 


the upper stopcock, the small amount of dead space air is eliminated 
through the side arm of the tonometer, which is then filled with the blood 
sample. The blood is allowed to displace all but 1 ml. of mercury, retained 
to aid mixing. Both stopcocks are now closed, and the tonometer is 
disconnected from the blood source. The sample is thoroughly mixed and 
hemolyzed by gently rocking the tonometer for about 1 minute. We 
regard this method of preparing the blood sample as the most reliable 
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from the standpoint of ultimate accuracy. However, it will be evident 
that acceptable results can be obtained in a further simplification of 
technique in which the samples are collected and somewhat diluted in a 
syringe (see the “Note” by J. B. Marsh). 

Transfer of Sample to Modified Cuvette—Fig. 2 is practically self-explana- 
tory as to the method of filling the cuvette. The connection between 
the collecting vessel, A, and the cuvette, B, is accomplished by means of 


_ the connector, d, e, and f, and a 2 inch, 25 gauge needle, g. The connector 


is made by cutting a 3 inch B-D type LLX metal needle extension into 
equal length halves (female d, and male f), filing the cut ends smooth, and 
joining them with a 6 inch length of thin flexible polyethylene tubing, e 
(outside diameter 2 mm., inside diameter 1.5 mm.). The male end of the 
connector is attached to the needle, g, which is inserted through the sponge 
rubber stopper, 7. The point of this needle should touch the bottom of the 
cuvette. A short 20 gauge needle, h, inserted through the stopper (Fig. 2), 
is a vent for the escape of air and excess blood, as the cuvette is slowly and 
completely filled from the bottom up with the sample. During the transfer 
of the sample the tonometer is held vertical at slight positive pressure. 
About 1 ml. of blood is needed for filling the modified cuvette; since the 
tonometer contains 5 ml., the sample is sufficiently large to allow for a 
liberal overflow through h. This provision insures samples uncontaminated 
by air. After the cuvette has been properly filled, both needles are removed 
and the sample is ready for measurement. 

Spectrophotometry—Measurements are carried out in the usual manner 
with the Beckman DU spectrophotometer. The method depends upon 
optical density (D) readings at two wave lengths, 660 and 805 mp. The 
narrowest possible slit is used, namely 0.015 to 0.02 mm., which corresponds 
to a spectral band width (span or wave band) of 2.5 to 3 mu. Fig. 1, 
showing the absorption spectrum curves of HbO., Hb, and HbCO in the 
infrared, visible, and ultraviolet regions, supplies the information upon 
which the choice of spectral region and cuvette depth is based (11). It 
may be seen that wave length 660 muy is a region of large spectroscopic 
difference between HbO, and Hb, whereas at 805 mu the absorption of the 
two pigments is isosbestic (11), 7.e. the same. The measurement in the 
latter region is an effective and convenient substitute for an independent 
determination of total pigment, but is utilized with the assumption that 
one is dealing only with mixtures of the two pigment species, HbO, and Hb. 
This assumption of a two-component system is inherent in the proposed 
method of handling the data (below) and appears to hold for most blood 
samples, which normally contain only traces of methemoglobin, M Hb (4, 7) 
and, with the possible exception of samples from heavy smokers (9), only 
negligible amounts of carbonyl hemoglobin, HbCO. 
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The spectrophotometric constants, « values, supplied in Tables I to ITI, 
are fractional molar extinction coefficients (11).? 

Determination of Percentage of HbO.—A knowledge of the optical density, 
D, of the sample at wave lengths 660 and 805 my and the spectrophoto- 
metric constants of HbO, and Hb in these spectral regions, obtained from 
Table I, are all that is required to calculate the per cent of HbOz present. 
The validity of the use of these constants and the working equation (Equa- 
tion 8, below) based upon them may be inferred from the good agreement 
between results obtained by this method and by the gasometric procedure. 
However, the four groups of investigators who participated in the trial of 
the optical method used the Beckman DU spectrophotometer (see the 
“Note” by J. B. Marsh). It should be cautioned that the « values are not 
necessarily transferable to photometric equipment or conditions of measure- 
ment which do not allow the narrow spectral isolation used by us. For 
those employing filter photometers or wide spectral bands for measurement, 
Equation 5 (below) may be used by substituting in it the values for e 
determined in the particular instrument. The development of the working 
equation parallels that of Drabkin (11) for mixtures of carbonyl and 
oxyhemoglobin and is applicable to any two-component mixture at any 
two appropriate wave lengths, with at least one of which advantage may 
be taken of a large difference in the spectral absorption between the two 
components. The following symbols are used: A and B, the two com- 
ponents; €,14, €a24, €s18, ANd € 28, the extinction at definite concentration 
and depth of layer for the respective components, established at the two 
wave lengths, \l and 72; z, the fraction of component A, and 1 — 2, the 
fraction of component B; r, the ratio of optical densities, D), and D)p, 
obtained by measurement on the mixture. The relationship between 7, z, 
and extinction coefficients may be at once formulated as 


+ (1 — 
+ (1 — 


(1) 


Solving for z, dividing by «23 and collecting terms, the yield is 


€,2B (2) 


€,2B 
Equation 2 applies to the general case, but in this particular instance ¢,24 


2 ¢, at a concentration of 1 mmole per liter, referable to a 1 iron atom, equivalent 
weight of 16,700 for hemoglobin, and a cuvette depth of lem. The concentration in 
all cases was determined spectrophotometrically upon aliquots converted into cyan- 
methemoglobin with the constant « = 11.5 at wave length 540 my (17). 
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and €,22 are identical (isosbestic absorption at 805 my (Table I)) and the 
first term in the denominator drops out, yielding 


©1B 


€.2B (3) 


€,2B 


For practical convenience in later handling in this particular instance, the 
signs are reversed, obtaining 


I= (4) 
1B 14 


Equation 4 is now rewritten specifically to obtain Equation 5, applicable 
to the photometric determination of the fraction of HbO2 by any optical 
equipment, when one of the two wave lengths used for measurement is an 
isosbestic region for the two components: 


€sso Hb D 660 
€seoHbO, 


The established ¢ values at wave lengths 660 and 805 my (Table I) are 
substituted in Equation 5 to give 


Fraction of HbO, = (5) 


0.820 
0.196 
Fraction of HbO, (6) 
0.196 
which becomes 
418 — 
° 805 
Fraction of 367 (7) 
Therefore, 
Ps) 
“805 
% HbO, = 367 100 (8) 


It is obvious that the per cent of Hb in the mixture is obtained from 
100 less per cent of HbO2, as given by the working Equation 8. It should be 


ty, 
, 
nt. 
a- 
Ire. 
of 
he 
‘or 
nt, | 
r 
ing 
nd 
ny 
ay 
wo 
ion 
he 
2, 
(1) 


292 OXYHEMOGLOBIN IN BLOOD 


evident that the exact optical depth of the cuvette employed need not be 
known for the determination of per cent of HbO, by the present method, 
provided that a reliably calibrated spectrophotometer affording narrow 
spectral isolation, such as the Beckman DU instrument, is employed, that 
the cuvette depth is between 0.05 and 0.10 cm., permitting the instrument 
to be used over its most accurate density range, when measuring undiluted 
samples of blood, and that the spectrophotometric constants established 
by us (Table I) are accepted as applicable. On the other hand, for the 
establishment of the « values and for the determination of total pigment 
as cyanmethemoglobin, an accurate calibration of cuvette depth is neces- 


sary. 
EXPERIMENTAL 


The ¢ values in Table I were derived from measurements with the 
Beckman DU spectophotometer and our modified 0.067 cm. depth cuvette 
on nine samples of fresh human blood. The fully oxygenated specimens 
(HbO,) were obtained by equilibrating 10 ml. volumes of the hemolyzed 
blood in an atmosphere of oxygen in a 400 ml. capacity tonometer. The 
deoxygenated samples (Hb) were obtained by adding sufficient active 
dithionite, Na2S2O, (Eimer and Amend, low iron content), in solid form. 

In published simplifications (12-14) of the original Drabkin and Schmidt 
technique (7), the possibility has been neglected that under certain condi- 
tions blood samples may contain more than minimal quantities of carbonyl] 
hemoglobin, HbCO, or methemoglobin, MHb. In such cases the above 
method, designed for a two-component mixture of HbO, and Hb, would 
yield erroneous information. With a view of extending the technique to the 
determination of the per cent of HbO, in the presence of HbCO or MHb, the 
extinction coefficients for HbCO, M Hbacia (pH 6.1), and M Hbajxatine (DH 8.8) 
were obtained for the red and near infrared spectral regions, wave lengths 
620 to 900 mu (Table II). The data in Table II disclose that wave length 
805 my can no longer serve for the total pigment estimation in hemolyzed 
blood samples containing several per cent of HbCO or MHb. At 805 my 
the extinction of radiant flux by HbCO is only one-fifth that of HbO, or 
Hb, whereas, dependent on the pH of the sample, MHb in this spectral 
region will have more than 2-fold greater absorption than either the HbO, 
or Hb species. However, it may also be seen (Tables I and II) that the 
spectral absorptions of HbO, and HbCO are practically identical at wave 
length 660 my. Moreover, at this wave length and at an intermediate 
pH of 8.0, the extinction coefficients of Hb and MHb are virtually the 
same (Table I and Table II, footnotes). This information is utilized 
in the following further modification, designed by one of us (D. L. 
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, be D.), to afford effective correction for the presence of HbCO or MHb in 
10d, blood suspected of containing abnormal amounts of either of these deriva- 
pow tives. It is assumed that « values at the wave length of 805 muy less than 
hat 0.196 will reflect the presence of HbCO, whereas values greater than 0.196 
ent 
ted TABLE I 
hed Fractional Molar Extinction Coefficients ,* «,in Red and Near Infrared Spectral Regions 
the for HbOz and Hb Obtained from Nine Samples of Whole Hemolyzed Blood 
ent HbO:2, sample oxygenated; Hb, sample treated with Na2S.0,; measurements in 
»ES- modified cuvette of 0.067 cm. depth with Beckman DU spectrophotometer; spectral 
span = 2.5 to 3 mug. 
HbO:2 Hb HbO:2 Hb 
Wave length Wave length 
. S. D.t € S. D.t € S. D.t € S. D.t 
the 
tte 
600 1.06 | 0.03 3.40 | 0.03 755  0.129| 0.011 
aed +0.01 +0.01 +0.003 
605 0.674; 0.013:2.61 | 0.05 760 0.378 | 0.006 
+0.003 +0.01 +0.002 
Ave 610 0.464; 0.011/1.96 | 0.04 800 0.189 | 0.0100.200 | 0.007 
+0 .003 +0.01 +0 .003 +0.002 
‘idt 625 (0.228) 0.0111.22 | 0.04 805  0.196t 0.196f 
di- +0.003 +0.01 
650 0.118; 0.006)0.872; 0.019 810 0.202 0.010)0.191 0.005 
ny! +0.002 +0.005 +0.003 +0.001 
ave 660 0.100; 0.018)0.820; 0.006 850 0.233 | 0.005)0.167 | 0.005 
uld +0.004 +0.002 +0.001 +0.001 
the 695 0.014/0.475, 0.016' 900 (0.256 | 0.0060.170 | 0.003 
the +0.003 +0.004 +0.002 +0.001 
735 0.104; 0.0040.307| 0.009 
+0.001} |-+0.002 
ths 
rth * See the text, footnote 2. 
sed t Standard deviation = /Zd?/(n — 1); the values after plus-minus are the stand- 
ard errors of the standard deviation = S.D./~/2n. 
t Obtained by interpolation. 
or 
ral will indicate the presence of MHb (Tables I and II). Since such e values 
02 are obtained from Dgos/cd, where c is the concentration (in millimoles per 
the liter) and d the cuvette depth in cm., the modified procedure demands that 
ave the concentration of total hemoglobin pigments be determined independ- 
ate ently on an aliquot of the sample converted into cyanmethemoglobin and 
the that a cuvette of exactly calibrated depth be used. Another aliquot, or 
zed the remainder of the sample, unexposed to air, is hemolyzed and at the 
CL. same time adjusted to pH 8.0 by including appropriate buffer solution with 
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the saponin in the preparation of the tonometers. In the handling of the 
data three quantities are needed, Deeo,pu 8.0, Dsos,pH 8.0, and theoretical 
Dsos.px 8.0 (for a mixture of HbO, and Hb). The first two are obtained by 
measurement, and the last is derived from Dgos.px 8.0 = = 0.196cd. 
The ratio, Deso.pu s.0 (measured) to (derived), is substituted in 


TaBLeE II 


Fractional Molar Extinction Coefficients,* «, in Red and Near Infrared 
Spectral Regions for HbCO, Acid MHb, and Alkaline MHbt 


Measurements in unmodified Beckman cuvette 1 cm. in depth on solutions pre- 
pared from hemolyzed washed red cells at a concentration of 0.680 mmole per liter, 
with a spectral span of 2.5 to 3 mu; HbCO samples obtained by equilibration with 
alkali- and water-washed illuminating gas; MHb samples prepared by addition of 
K;Fe(CN)., to appropriate buffered solutions at 0.1 ionic strength (see Austin and 
Drabkin (18)). 


HbCO | MHbaciat |MHbatkatine$! HbCO | MHbaciat |MHbatkalinel 
Wave length Wave length 
€ € € € € € 

my my 

620 0.424 3.38 3.24 760 0.041 0.198 0.360 
630 3.88 2.14 800 0.041 | 0.326 | 0.488 
640 0.207 | 3.85 1.53 805 0.040 | 0.345 | 0.506 
650 2.45 1.24 810 0.040 | 0.364 | 0.523 
660 0.105 | 1.05 0.517 820 0.040 | 0.403 | 0.544 
675 0.320 | 0.320 840 0.040 | 0.475 | 0.517 
680 0.068 | 0.224 | 0.301 845 0.499 | 0.502 
720 0.047 | 0.131 | 0.336 880 0.040 | 0.601 | 0.351 
740 0.155 | 0.345 900 0.040 | 0.660 | 0.298 


* See the text, footnote 2. 

t Data obtained by one of us (D. L. D.). 

t pH 6.1, measured by glass electrode. 

§ pH 8.8, measured by glass electrode. « for MHb at intermediate pH between 
6.1 and 8.8 may be calculated (18); « for MHb at pH 8.0 = 0.826 at \660 mu and 0.412 
at myz. 


Equation 8, which is now used to calculate the per cent of HbO:. This rel- 
atively simple procedure for obtaining the per cent of HbO, in a mixture 
of HbO., Hb, and MHb is possible because the absorption spectra of HbO, 
and Hb are invariant with pH and only that of MHb is pH-dependent (18), 
and because the adjustment of the pH to 8.0 renders identical the extinction 
coefficients of Hb and MHb. Owing to the near identity of the ¢« values 
(at 660 my and at pH 8.0) of Hb and MHb on the one hand, and of HbO, 
and HbCO on the other, the evaluation of Hb in a mixture of HbO,, Hb, 


E. GORDY AND D, L. DRABKIN 295 


and MHb or of HbO, in a mixture of HbO., Hb, and HbCO requires the 
use of appropriate correction factors, supplied in the following formula- 
tions: 


€305, pH 8.0 
% MHb 100 (9) 
% HbCO = 100 (10) 


605,pH 8.0 1S Obtained from the measurement of Dgos,pxu 8.0, SINCE €305,pH 8.0 = 
Dsos,pu 8.0/cd. In the above equations the numerators represent, respec- 
tively, the partial change in extinction between HbO, and MHbpx s.. and 
between HbO, and HbCO, whereas the denominators are, respectively, the 
total change or difference in « between the components (emabpy 3.0 — 
€xbo2. = 0.412 — 0.196 and expo, — exvco = 0.196 — 0.04). The method 
is not applicable to the simultaneous presence of both HbCO and MHb, 
but this situation should be encountered only rarely. The absorption 
curves in Fig. 1 suggest that wave length 1050 my should be an ideal region 
for the determination of HbO, in mixtures of HbO:, Hb, and HbCO, since 
the two latter species are isosbestic at this wave length. However, the 
Beckman DU spectrophotometer and other usually available equipment 
are inaccurate beyond 900 to 1000 my (11). 

Table III furnishes extinction coefficient values for HbO, and Hb, ob- 
tained with the Bausch and Lomb Spectronic 20 spectrophotometer, used 
in combination with the Arthur H. Thomas Roto-Cell assembly. For the 
present purpose the latter adjunct is essential. It is a water-cooled car- 
rier which permits both the use of parallel side cuvettes of exact optical 
depth and the rapid interchange in the light path of blank and sample.* 
While the ¢ values yielded by this equipment are not identical with those 
obtained with the Beckman DU spectrophotometer, nevertheless, as plot- 


3 The wave length scale of the Spectronic 20 instrument should be calibrated by the 
user and, if necessary, reset. An ¢ value of 11.5 at 540 my for cyanmethemoglobin 
was found to be applicable to the Spectronic 20 instrument, provided with the blue- 
sensitive phototube, R. M. A. type 5581, and the Thomas double chambered cuvette 
of Corex brand glass. Solutions of cyanmethemoglobin of known concentration were 
then used for the calibration of the depth of modified cuvettes. For modifying the 
depth of each chamber of the cuvette, a pair of very snugly fitting glass prism spacers, 
0.93 cm. in optical depth and 2.8 cm. high, was ground and polished to our specifi- 
cations by the Arthur H. Thomas Company. The calibrated optical depth of the 
modified partitioned cuvette was 0.0697 cm. With these particular spacers, 0.3 ml.of 
hemolyzed blood will not only fill the optical area but will allow for 0.2 ml. of sam- 
ple above the spacers. It is possible to use spacers of the same height as the cuvette, 
and under these conditions about 0.12 ml. of blood will suffice. 


f the 
by 
pre- 
liter, 
with 
on of 
and 
kalineS | 
06 

23 

44 

17 

8 
ween 
0.412 
rel- 
ure 
bO, 
18), 
ion 
lues 
| 
Hb, 

| 


296 OXYHEMOGLOBIN IN BLOOD 


ting of the data in Tables I and III will show, the relatively inexpensive 
Spectronic 20 spectrophotometer does a good over-all job in furnishing the 
absorption patterns of HbO, and Hb. Hence, the equipment can serve 
for a relatively accurate determination of per cent of HbO: in hemolyzed 
blood samples unexposed to air. It may be calculated that the ratio of 
€nb/€nbo, iS very slightly greater here (Table III) at 650 than at 660 mg, 
and the isosbestic point is at 810 rather than at 805 my. The e val- 


TaBLeE III 


Fractional Molar Extinction Coefficients,* «, in Red and Near Infrared Spectral 
Regions for HbO, and Hb Obtained on Whole Hemolyzed Bloodt 


HbO:2, sample oxygenated; Hb, sample treated with Na2S.0,; measurements with 
the Bausch and Lomb Spectronic 20 diffraction-grating spectrophotometer, provided 
with red and infrared sensitive phototube, type 1P40, a Corning red glass for filter- 
ing out interference from the second order spectrum produced by the grating, Ar- 
thur H. Thomas Roto-Cell assembly, which accommodates the partitioned cuvette, 
here modified to a calibrated depth of 0.0697 cm. by means of glass prism spacers 
and a voltage stabilizer, 


HbO:2 Hb HbO: Hb 
Wave length Wave length 
€ € € € 

my my 
600 0.848 2.74 750 0.183 0.459 
610 0.530 1.96 760 0.198 0.454 
620 0.348 1.50 800 0.248 0.285 
630 0.263 1.24 805 0.254 0.269 
650 0.178 0.997 810 0.261 0.263 
660 0.165 0.913 850 0.304 0.254 
700 0.143 0.537 900 0.337 0.267 
740 0.176 0.417 


* See the text, footnote 2. 
t Data obtained by one of us (D. L. D.). 


ues at wave lengths 650 and 810 my are used as in Equation 5, and the 
following working equation applicable to the Spectronic 20 instrument is 


derived: 


% HbO, = 100 (11) 


Because of the comparatively small volumetric size of the optical compart- 
ments of the Thomas cuvette, this equipment is particularly suitable for 
small blood samples. 
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Note on Results with Present Optical Method in Comparison with 
Those by Gasometric Technique 


By JuLiaNn B. Marsu 


(From the Department of Cardiorespiratory Diseases, Army Medical Research 
Institute, Washington, D. C.) 


The technique of Gordy and Drabkin was adapted for use with ordinary 
syringes. The method of obtaining and hemolyzing the blood was essen- 


TABLE IV 


Comparison of Results by Gordy and Drabkin Spectrophotometric Procedure 
with Those by Gasometric Technique 


Investigators between spectro; the'mean difference 
gasometric analysis 
per cent 
Marsh, J. B., Khouri, E., and Jetton, 

Cooper, D. Y., Billman, D. E., and 

29 +1.00 +0.593 
Wyeth, J., Ecker, P., and Polis, B. D.f.. 14 +0.41§ +0.252 


* From the Department of Cardiorespiratory Diseases, Army Medical Research 
Institute, Washington, D. C. 

t From the United States Naval Medical School, Bethesda, Maryland. 

t From the Aviation Medical Acceleration Laboratory, United States Naval Air 
Development Center, Johnsville, Pennsylvania. 

§ Calculated from the data of Wyeth, Ecker, and Polis (19), assuming an oxygen 
capacity of 20 volumes per cent for all samples. 


tially that of Hickam and Frayser (14), except that the saponin was intro- 
duced into the syringe through a 3-way metal stopcock. After hemolysis, 
a 3 inch, 22 gauge needle, bent at right angles, was attached, and the sam- 
ple was delivered at the bottom of a Beckman cuvette 1 cm. deep but modi- 
fied toa depth of 0.10 em. by means of a lucite (Plexiglas) block, 9 X 9 mm. 
in cross section and 3.5cm. high. It was convenient to place a small screw 
in the top of the lucite block so that it could be removed easily. Such 
plastic prisms were inexpensive substitutes for the polished glass prisms 
used by Gordy and Drabkin, and were discarded when their optical faces 
became marred after a period of service. 

Measurements of the optical density at 660 and 805 my were made with 
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the Beckman DU spectrophotometer, and the per cent saturation (per 
cent of HbO, of the total hemoglobin) was calculated by means of the 
working Equation 8, based on the constants established by Gordy and 
Drabkin (Table I). The optical density readings remained unchanged 
for at least 15 minutes, and presumably it was not necessary to prevent 
exposure of the solution above the light path to the air, as in the cuvette 
described by Nahas (13). The chief source of difficulty in the present 
method was in the unreliability of commercially available saponin prep- 
arations. We found some samples of Merck and Eastman Kodak saponin 
to be satisfactory. With hemolytically potent saponin preparations, it 
was not necessary to use a 30 per cent solution, the concentration em- 
ployed by Hickam and Frayser (14). In many of the determinations 
(Table IV), the blood was hemolyzed with 0.2 volume of 10 per cent 
saponin (Eastman Kodak, special) buffered at pH 7.4 with phosphate 
buffer. Wyeth, Ecker, and Polis (19) used a detergent, Triton X 100 
(0.05 volume of a 33 per cent solution in 0.1 mM borax), as the hemolytic 
agent. 

The data in Table IV are a summary of results in four independent field 
trials of the Gordy and Drabkin method, carried out during the past 4 
years. In confirmation of earlier findings (9), the per cent of oxygen 
saturation was slightly higher by the spectrophotometric than by the 
classical Van Slyke and Neill (16) gasometric method. However, the 
agreement of the independent techniques was most satisfactory. 


DISCUSSION 


The present simplified spectrophotometric method for the determination 
of the per cent of HbO: in hemolyzed blood unexposed to air retains the 
essential desirable features in the original Drabkin and Schmidt technique 
(7). The method is easily adaptable to standard equipment, such as the 
Beckman DU spectrophotometer and the new inexpensive Bausch and 
Lomb Spectronic 20 instrument. The manipulative steps involved are 
simple and rapid, and only small blood samples are required. Disadvan- 
tages in other modifications of the Drabkin and Schmidt thin layer tech- 
nique (13, 14) have been overcome. 

Under optimal conditions, a single component of a mixture of several 
species, the absorption constants of each of which have been established, 
can be determined spectrophotometrically with an accuracy of 1 per cent 
(7, 11, 18). The agreement between per cent of oxygen saturation (7.e. 
per cent of HbO, of total hemoglobin) determined independently by the 
present, direct spectrophotometric technique and that determined by the 
indirect gasometric method was easily within 2 per cent. 
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per SUMMARY 


the A simple, rapid, and accurate method for the spectrophotometric analy- 
ind sis of the per cent of HbO, in hemolyzed blood unexposed to air has been 
zed described. 


ent The method is applicable to standard equipment, such as the Beckman 
tte DU and the Bausch and Lomb Spectronic 20 spectrophotometers. 
ent Suitable modifications in procedure permit the per cent of HbO, to be 
op- determined also in blood samples which may contain more than negligible 
nin amounts of carbonyl or methemoglobin. 

it 
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STUDIES ON THE ENZYME ENOLASE* 
I. EQUILIBRIUM STUDIES 


By FINN WOLDf anv CLINTON E. BALLOU | 


(From the Department of Biochemistry, University of California, 
Berkeley, California) 


(Received for publication, December 17, 1956) 


Enolase catalyzes the interconversion of p-glyceric acid 2-phosphate 
and enolpyruvic acid phosphate, and, as a participant of Embden-Meyer- 
hof glycolysis and fermentation, is widely distributed in living cells. The 
enzyme was first purified by Warburg and Christian (1), who demonstrated 
its metal activation and made the initial studies of the kinetics and the 
thermodynamics of the enolase reaction. More recently, Malmstrém 
(2-6) has extended that work, with special emphasis on the effect of the 
activating metals. Previous studies on enolase have employed synthetic 
pi-glyceric acid 2-phosphate as the substrate, and the interpretation of 
results has been complicated by this fact. A recent unequivocal synthesis 
leading to pure pD-GA2P (7) makes available both substrates of enolase as 
the pure natural isomers. 

The enolase system is particularly useful for the study of the mechanism 
of metal activation. The equilibrium is near enough to 1 so that both the 
forward and the reverse reaction can be studied, the enzyme is activated 
by at least seven different metals, and the interconversion of the substrates 
may be followed spectrophotometrically. 

This paper describes in detail the factors affecting the ultraviolet absorp- 
tion characteristics of enolpyruvic acid phosphate so that the assay method 
can be made more precise. The binding constants for complexes between 
the substrates and several metal ions were determined, and the apparent 
equilibrium constants at different metal and hydrogen ion concentrations 
were related to the metal binding and the pK values of the ionizable groups 
in the substrates. 


* This work was supported by grants from Eli Lilly and Company and the Cancer 
Research Funds of the University of California. The experimental data in this 
paper are taken from the thesis submitted by Finn Wold to the Graduate Division 
of the University of California in September, 1956, in partial fulfilment of the re- 
quirements for the degree of Doctor of Philosophy in Biochemistry. 

t Du Pont Postgraduate Fellow in Biochemistry, 1955-56. 

1 The following abbreviations are used: GA2P, glyceric acid 2-phosphate; GA3P, 
glyceric acid 3-phosphate; PAP, enolpyruvic acid phosphate; TPAI, tetra-n-propyl- 
ammonium iodide. 
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EXPERIMENTAL 


Materials—The trisodium salt of p-GA2P was synthesized by the method 
of Ballou and Fischer (7), and PAP was prepared according to the procedure 
of Baer and Fischer (8). The resulting water-insoluble and light-sensitive 
silver barium salt was converted to the new, stable, water-soluble cyclo- 
hexylammonium salt, as described below. Enolase was prepared as the 
crystalline mercury salt according to the method of Warburg and Christian 
(1), starting with brewers’ yeast (generously supplied by the Goebel Brew- 
ing Company, Oakland, California). The activity of the purified enzyme 
was comparable with the values in the literature. The dialyzed mercury- 
free solution was stored in small samples (0.05 to 0.1 ml.) at —4°. When 
used, each sample was diluted with distilled water and the dilute solution 
was kept on ice during the experiment and stored in the refrigerator. 
When treated in this way, the activity of the dilute samples remained 
undiminished for several days. 

All the other chemicals used were either commercial samples of highest 
purity or synthetic compounds, recrystallized before use. 

Preparation of Cycloherylammonium Enolpyruvic Acid Phosphate—1.9 
gm. of a twice crystallized sample of silver barium enolpyruvic acid phos- 
phate (8) in a 40 ml. centrifuge tube were suspended in 15 ml. of water, 
and 1.0 n hydrochloric acid (4.36 ml.), equivalent to the silver ion, was 
added. The mixture was stirred for 5 minutes, then the silver chloride 
was centrifuged and the supernatant fluid decanted into a clean 40 ml. 
centrifuge tube. The silver chloride was washed with 5 ml. of water, and 
this water was combined with the decanted solution. The barium ions in 
the solution were then precipitated by the addition of equivalent 1.0 n 
sulfuric acid (8.75 ml.) and the mixture was again centrifuged. The 
supernatant fluid was filtered, if necessary, by suction through a What- 
man No. 50 paper to remove floating particles of barium sulfate; the fil- 


trate then was brought to pH 8 with cyclohexylamine. This solution was | 


concentrated to dryness in vacuo at a bath temperature of 40°, giving a 
white crystalline residue. The crude cyclohexylammonium salt was re- 
dissolved in 15ml. of warm water (60°), and the solution was diluted with 
acetone to turbidity. After 3 hours at 5°, more acetone was added to 
complete crystallization, and the mixture was left overnight at 5°. The 
crystalline product was collected on a Biichner funnel and washed with 
acetone. The crystals were dried in air, and then in a vacuum desiccator 
over phosphorus pentoxide for 1 day. The yield was 1.35 gm. The 
mother liquor was concentrated to dryness and the residue was redissolved 
in 5 ml. of warm water and diluted with acetone. After 20 hours at 5°, 
a second crop of 0.5 gm. was obtained. The total yield was 1.85 gm. 


| 
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(91 per cent). A sample, recrystallized and dried as above, slowly de- 
composed between 155-180°. 


(465). Calculated. N 9.01, 6.65 
Found. ** 9.24, ** 6.48 


The biological purity of this compound has been tested by measuring 
the oxidation of reduced diphosphopyridine nucleotide in the presence of 
adenosine diphosphate, pyruvic phosphokinase, and lactic dehydrogenase. 
1 mole of the enolpyruvic acid phosphate resulted in the oxidation of 0.97 
mole of reduced nucleotide. Therefore, it is felt that the silver barium 
salt (Baer procedure) and the cyclohexylammonium salt are of equal 
purity, and that the ultraviolet absorption characteristics recorded in this 
paper (Table III, and Figs. 1, 2, and 3) more nearly approximate those for 
the pure compound than the values recorded previously (1). The cyclo- 
hexylamine salt is preferred because of its solubility and stability and may 
be used as such in most enzymatic studies, although removal of the amine 
can be easily accomplished by treatment with the appropriate ion exchange 
resin. 

Apparatus and Methods—The pH of all solutions was determined with a 
Beckman pH meter or a Leeds and Northrup pH indicator, both with the 
usual calomel and glass electrodes. 

The titration experiments were carried out with the automatic recording 
apparatus of Neilands and Cannon (9). The gas phase was N2 and the 
temperature 25°. The compounds to be titrated were converted into the 
free acids by treatment with Dowex 50 (H+) and titrated at a concentra- 
tion of 1 umole per ml. in a solution containing tetra-n-propylammonium 
iodide to give constant ionic strength, and with 0.5 N tetra-n-propylammo- 
nium hydroxide as the base. The pK,’ values were read directly from the 
titration curves. The use of the tetraalkylammonium salt and base has 
been recommended by Smith and Alberty (10) for the determination of 
binding constants from titration data. They showed that the alkali 
metals will bind phosphate esters to a considerable extent and thus compli- 
cate the study of the binding of other metals, whereas the larger tetra- 
alkylammonium ions do not form complexes significantly with the esters. 

The binding constants were estimated according to the method of Smith 
and Alberty (10, 11), who showed that at constant ionic strength the shift 
in the apparent dissociation constant of an acid, caused by the addition of 
metal, is related to the metal concentration and the binding constant for 
the acid-metal complex in the following way: 


pK,’ (no metal) — pK,’ (metal) = log (1 + D [M}) (1) 
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where D designates the binding constant or stability constant (D = [AM]/- 
[A][/]), [A] the acid concentration, and [M] the metal concentration. 

The determinations of the apparent equilibrium constant were based 
on the ultraviolet absorption of PAP (1). Most of the equilibrium deter- 
minations were performed starting with PAP. The optical density at 
start and at equilibrium was determined with a Beckman DU spectropho- 
tometer, and the apparent equilibrium constant was obtained directly 
from these values after proper correction for the absorption of the enzyme 


TABLE I 


Apparent Dissociation Constants of GA2P and PAP Determined at Two 
Tonic Strengths 


The data are not corrected for the water blank. 


Ionic strength 0.1 Ionic strength 0.4 
GA2P pK,’ 3.55 3.6 
pK;’ 7.0 7.1 
PAP pK.’ 3.4 3.5 


and buffer. When the equilibrium was approached from GA2P, the ex- 
tinction coefficient for PAP for each set of conditions was determined. 


RESULTS AND DISCUSSION 


Titration of GA2P and PAP—The apparent dissociation constants of 
GA2P and PAP at ionic strength 0.1 and 0.4 are shown in Table I. Since 
the method is not reliable below pH 2, the dissociation of the primary phos- 
phate group is not included. The free acids were titrated in 5 ml. aliquots 
of a 1 mm solution, in a medium containing tetra-n-propylammonium 
iodide to constant ionic strength. The binding constants were determined 
by substituting metal for TPAI to give the same ionic strength, and then 
determining the shift in the pK,’ values caused by the addition of the metal. 
The binding constants determined from this shift in pK,’ according to 
Equation 1 are given in Table II. Equation 1 is derived on the assump- 
tion that only the totally ionized species of the substrates bind metals. 
This assumption seems valid in the present case, since the addition of 
metals caused no significant change in the second dissociation of the sub- 
strates. The binding constants did not vary significantly over the ionic 
strength range from 0.1 to0.4. The data in Table II show that the assump- 
tion made in the past, namely that the metal binding to the two substrates 
is of equal magnitude (4), is incorrect. 


| 
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Ultraviolet Absorption of Analytically Pure PAP—The results from our 
initial measurements of the extinction coefficient of PAP are compared 
with those of Warburg and Christian in Table III. The more detailed 
study of the effect of pH and magnesium ion concentration on the extinc- 
tion coefficient is summarized in Figs. 1 to 3. 

In Fig. 1 is given the variation of the extinction coefficient in the physio- 


TaBLeE II 
Binding Constants for Complezes of GA2P and PAP with Several Metals 
Determined from titration data according to Equation 1. 


De azp’ (1 per mole) Dpap’ (liters per mole) 
TABLE III 


Extinction Coefficients (E X 10-* Liters per Mole per Cm.) of Enolpyruvic Acid Phos- 
phate in 0.05 mu Phosphate Buffer 


Present investigation From Warburg and Christian (1) 
Wave length, mu 

pH 6 pH 7 pH 8 pH 6.4 pH 7.4 pH 8.1 
220 3.43 3.74 3.78 
230 2.18 2.91 3.02 3.0 
240 0.94 1.44 1.54 1.41 1.73 1.80 
250 0)..24 0.33 0.36 0.43 
260 0.06 0.06 0.06 0.10 


logical pH range corresponding to the change from PAPH? to PAP*. 
Clearly, the extinction coefficient of the protonated form is less than that 
of the totally ionized form, and, at any pH at which both species are pres- 
ent, the observed extinction coefficient is determined by 


observed 1 + (H+]/K.’ 


(2) 


where EF, and EF, are the extinction coefficients of PAP*- and PAPH?®*,, re- 
spectively, and AK,’ = [PAP*-][H*]/[PAPH?-]. 
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A value of 1520 was estimated for FE; from Fig. 1, as Eobservea at a high 
pH, and EF, = 675 was calculated from Equation 2, the experimental 
data obtained in imidazole buffer and the titration data in Table I being 
used. The theoretical curve calculated from Equation 2 corresponds 
well with the experimental points for Eobservea in imidazole (Fig. 1). This 
buffer has the advantage that no metals are introduced, and the slight 
difference in the data for the two buffers (Fig. 1) is probably due to the 
presence of potassium in the phosphate buffer. Potassium shifts the 


1500 


1250 


E540 


1000 


750 


7 8 


or 


pH 


Fic. 1. The effect of pH on the molar extinction coefficient at 240 mp (E240) of 
PAP in 0.05 m imidazole buffer (O) andin0.05 m phosphate buffer (@). Thetheoreti- 
cal curve (solid line) was calculated from Equation 2, the value pK;’ (PAP) = 6.35 
from Table I being used. 


pK, of PAP and also decreases the extinction coefficient of PAP*-, as do 
magnesium and other metals as well (Fig. 2). The variations of Eobserves 
with pH in a solution containing constant concentrations of potassium 
and magnesium ions were determined, and the data obtained for the effect 
of pH on the kinetics and the equilibrium of the enolase reaction could be 
corrected for the extinction coefficient variation under the same conditions. 
Such a standard curve for the conditions for optimal enolase activity is 
shown in Fig. 3. 

Equilibrium of Enolase Reaction—In their original work on the isola- 
tion of enolase, Warburg and Christian (1) showed that magnesium, 
manganese, and zinc activate enolase, and more recently (4) iron has been 
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added to this list. Other metals such as beryllium, calcium, strontium, 
cadmium, cobalt, and nickel have been reported to be inactive (4) and 


1500 


i400} .4MKCI 
.2MKCI 
.08 MKCI 


.04MKCI 
1300 2No KCI 


Ol 
Molar Concentration of MgSQ, 
Fic. 2. The effect of magnesium and potassium on the molar extinction coefficient 
at 240 my (F240) of PAP in 0.05 m imidazole buffer at pH 8.35. 
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Fig. 3. A correction curve for the effect of pH on the molar extinction coefficient 
at 240 my (E20) of PAP in the standard assay medium: 0.008 mM MgSQ,, 0.4 m KCl, 
and 0.05 m imidazole buffer. 


also inhibitory when added to the activated enolase system (4, 12, 13). 
As has already been pointed out (4), a metal with less activating effect 
than magnesium will act as an inhibitor when added to the magnesium- 
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activated system. The reports in the literature of metals being inhib- 
itory to the magnesium-activated enolase reaction should, therefore, not 
be interpreted to mean that these metals cannot activate the enzyme in 
the absence of magnesium. 

In this work a total of 6 divalent metal ions was found to activate 
enolase, namely magnesium, manganese, zinc, cadmium, cobalt, and 
nickel. Iron was not tested. The reaction rate in the presence of cobalt 
and nickel was very low compared to that in the presence of the other 
metals, but was still significantly higher than the rate in the absence of 
metals. The relative activation strength of the different metals is discussed 
in Paper IT (14) of this series. 

The effects of pH and metal ions on the equilibrium of biochemical re- 
actions have been discussed by several workers (15-19). If a reaction 
between two acids, AH and BH, is affected by the hydrogen ion concentra- 
tion or the metal ion concentration, the over-all apparent equilibrium con- 
stant is expressed by 


K [Bl rotat [B-] + [BH] + [BM] (3) 
spparent [Altotar + [AH] + [AM] 


Here the different concentrations can be expressed in terms of the respec- 
tive ionization constants (K,’) and binding constants (D’): 


[H*][A-] (H*][B-] 
[AH] = [BH] = Kas’ 
[AM] = Da’'|M)[A7] [BM] = 


and substituting these values in Equation 3, one obtains 


[B-] + [H*]/Kap’ + 


Kapparent [A-] 1 4. [H*]/Kaea’ + D,'|M| 


The quantity [B-]/[A~] is a constant and represents the pH- and metal- 
independent equilibrium constant A,,, and Equation 3 can thus be written: 


_ x Lt + 


K (4) 


If more than one metal is involved, the more general form of Equation 4 
can be used: 


_ LA + + + --- + 


(5) 


K 
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where D,, D2, and D, are the binding constants for the complexes of the 
substrates A and B with the metals M,, M2, and M,. 

It was found early in this work that the apparent equilibrium constant 
for the enolase reaction, expressed as Kapparent = [PAP]/[GA2P], varied 
with both the metal concentration and pH. These variations are shown in 
Figs. 4 to 6. In order to obtain the metal- and pH-independent equilibrium 
constant, the experimental values for Kapparent, and the ionization and 


Kg 


6 8 


7 
pH 

Fic. 4. The variation of the apparent equilibrium constant for the enolase reac 
tion with pH in a medium containing 0.008 Mm MgSO,, 0.4 m KCI, and 0.05 m imidazole 
buffer. The theoretical curve (O) was calculated from Equation 5 with the fol- 
lowing data from Tables I and II: pK;’ (GA2P) = 7.1, pK;’ (PAP) = 6.4, Dx’ 
(GA2P) = 15, Dx’ (PAP) = 12, Dug’ (GA2P) = 280, Du,’ (PAP) = 180, and led to 
the value 6.3 for the pH- and metal-independent equilibrium constant, Keg. 


binding constants from Tables I and II, were substituted into the proper 
form of Equation 5. In this way K.q was found to be 6.3. 

The solid and broken lines in Figs. 4 to 6 represent the theoretical curves 
calculated from Equation 5, by use of the value 6.3 for K., and the data 
in Tables I and II for the pK,’ values and the binding constants. They 
coincide quite well with the experimental points. All the calculations 
were based on an uncertainty of 0.05 in the determination of the pK,’ 
values. Bock and Alberty (16) have shown the effect of a variation of this 
magnitude on the calculated equilibrium constants, and it is obvious that 
the method is sensitive to titration errors. It is felt, however, that Equa- 
tion 5 adequately describes the enolase equilibrium. 
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Kapp} 
3h 
7 8 
pH 


Fig. 5. The variation of the apparent equilibrium constant for the enolase reac- 
tion with pH at two magnesium concentrations (@ , 0.001 m MgSO,; O, 0.01 m MgSO,) 
in 0.05 m imidazole buffer. The corresponding theoretical curves were calculated 
from Equation 5 using the following data from Tables I and II: pK;’ (GA2P) = 7.0, 
pK;’ (PAP) = 6.35, Dug’ (GA2P) = 280, Du,’ (PAP) = 180, and led to the value 6.1 
for Keg. No attempt was made to correct for the change in ionic strength. 


K 


app 
al 
yo 
3+ & 

1 

6 7 8 

pH 


Fic. 6. The variation of the apparent equilibrium constant for the enolase reac- 
tion with pH at three manganese concentrations (@, 0.001 m MnSO,; O, 0.002 m 
MnSO,; 0.005 m MnSO,) in 0.05 m imidazole buffer. The corresponding theoreti- 
cal curves were calculated from Equation 5 using the same pK’ values as in Fig. 5 
and the binding constants Dyn’ (GA2P) = 1225 and Dy,’ (PAP) = 560from Table II, 
and led to the value 6.3 for Keg. No attempt was made to correct for the change in 
ionic strength. 


F. WOLD AND C. E. BALLOU 311 


The equilibrium constants for the enolase reaction reported in the 
literature vary between 1.4 and 3.9 (1, 20-23), but are all apparent con- 
stants, dependent on metal concentration and pH. The higher value for 
the metal- and pH-independent equilibrium constant determined in this 
work is, therefore, not in conflict with the older data. 

The graphical picture, obtained for different concentrations of magnesium 
and manganese (Figs. 5 and 6), was also obtained for zinc, cadmium, co- 
balt, and nickel, and is also the same as Trevelyan et al. (17) found for 
phosphorylase. It is interesting to note that for each metal thereisa pH at 
which the apparent equilibrium constant is independent of the metal con- 
centration. Utter and Werkman (12) showed that the over-all equilibrium 
between GA3P and PAP, involving both glyceric acid phosphate mutase 
and enolase, is independent of the metal concentration. If their study were 
conducted at, or close to, the pH of the isosbestic point, this could account 


TaBLe IV 
Effect of Temperature on Apparent Equilibrium Constant 
for Enolase Reaction 
Determined in 0.05 m imidazole buffer containing 0.4 mM potassium chloride and 
0.008 M magnesium sulfate at pH 7.5. 


°K Kapparent MH, calories per mole 
288 .0 3.54 3320 
299 .5 4.55 3700 
307.5 5.28 


for their observation. Another possibility is that the metal binding to 
GA3P and PAP is equal, which in itself has interesting thermodynamic 
implications. 

With the new equilibrium constant, K.q = 6.3, AF2 3 for the enolase 
reaction was found to be —1090 calorie per mole, and from the thermal 
data in Table IV the average value of 3500 calories per mole was obtained 
for AHog. It should be noted that the latter value is not independent of 
the metal concentration and pH. 


SUMMARY 


The preparation of the cyclohexylammonium salt of enolpyruvic acid 
phosphate has been described, and some of its properties as a substrate for 
enolase have been discussed. 

From the study of the equilibrium of the enolase reaction it has been 
shown that both metal ions and hydrogen ions are involved in the over-all 
stoichiometry of the interconversion of pD-glyceric acid 2-phosphate and 
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enolpyruvic acid phosphate. A mathematical expression for the theoretical 
variations of the apparent equilibrium constant with pH and metal con- 
centration has been derived, and from the determination of the pK,’ 
values and the metal-binding constants of the substrates, the pH- and 
metal-independent equilibrium constant has been evaluated and found to 
be 6.3. 

A total of 6 divalent metal ions, magnesium, manganese, zinc, cadmiun, 
cobalt, and nickel, was found to activate enolase, and the effect of all of 
these metals on the equilibrium of the enolase reaction has been determined. 

The new value of the equilibrium constant and studies of the effect of 
temperature on the equilibrium have yielded the following thermodynamic 
constants: AF'2443 = —1090 calorie per mole and AH» = 3500 calories per 
mole. 
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STUDIES ON THE ENZYME ENOLASE* 
II. KINETIC STUDIES 
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(From the Department of Biochemistry, University of California, 
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(Received for publication, December 17, 1956) 


The philosophy behind much of the recent research in enzymology is 
that the activity of enzymes can be related to specific groups in the enzyme 
polypeptide chain, and the concept of the ‘‘active site” of an enzyme may 
soon become a reality. Kinetic studies of enzymes such as fumarase 
(1-3), acetylcholinesterase (4-6), arginase (7), alcohol dehydrogenase (8), 
and others have led to formulations of specific reaction mechanisms and 
of models of the active sites. Preliminary studies of enolase (9, 10) indi- 
cated that this enzyme is suitable for similar research. The enzyme has 
been crystallized (11), both the substrates are available as pure, stable, 
water-soluble salts (9, 10), and the equilibrium of the reaction makes pos- 
sible investigation of both the forward and the reverse reaction. Malm- 
strém (12-16) has studied the effects of various metals in activating enolase 
and has arrived at certain conclusions as to the active site and the mecha- 
nism of the dehydrating action of the enzyme. 

In the present paper, the results of some further kinetic studies of the 
enolase reaction will be discussed in relation to a possible model of the 
enzyme and its mechanism of action. The nature of the substrate inhibi- 
tion first described by Malmstrém (12) is clarified (14). The substrate 
specificity is outlined from a study of several substrate analogues, and some 
information concerning the nature of the ionizing groups in the active site 
of the enzyme has been obtained from the pH activation curves and group- 
specific reagents. 


EXPERIMENTAL 


Materials and Methods—The materials and the general methods were 
discussed in Paper I of this series (10). The enzyme activity was deter- 
mined by the method of Warburg and Christian (11), based on the ultra- 


* This work was supported by grants from Eli Lilly and Company and the Cancer 
Research Funds of the University of California. The experimental data in this 
paper are taken from the thesis submitted by Finn Wold to the Graduate Division 
of the University of California in September, 1956, in partial fulfilment of the re- 
quirements for the degree of Doctor of Philosophy in Biochemistry. 

t Du Pont Postgraduate Fellow in Biochemistry, 1955-56. 
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violet absorption of enolpyruvic acid phosphate! (10). The measurements 
were made at 240 mu by use of a Beckman DUR spectrophotometer con- 
nected to a Brown recording potentiometer (strip chart) through a specially 
constructed amplifier, allowing either 0 to 100 per cent or 90 to 100 per cent 
transmission to be recorded on full scale width (17). In this work, the 
most sensitive scale (90 to 100 per cent transmission or 0.0458 to 0 optical 
density unit) was used. In all experiments the velocity of only the first 
5 or 10 per cent of the reaction was recorded. This allowed the determina- 
tion of the initial velocities in terms of optical density change per unit of 
time directly from the slope of the tracings. 

The experimental procedure for the rate measurements was to prepare 
3 ml. samples of the desired reaction mixture in the cuvette and set the 
instrument to zero. A small volume (0.02 to 0.05 ml.) of enzyme was 
then added from a small Teflon cup, which was also used simultaneously to 
mix the contents of the cuvette. The chart motor was started at the 
moment the enzyme was introduced, and the spectrophotometer was 
turned on as soon as the enzyme addition was completed. In this way a 
time interval of only 5 to 7 seconds elapsed between the addition of the 
enzyme and the start of the recording. 

The kinetic measurements were carried out in imidazole buffer. This 
buffer has several advantages over those previously used. In addition to 
its favorable pK (6.8), its suitability is based on the facts that no metal is 
introduced with the buffer and that the buffer itself is relatively inert in the 
enzymatic reaction. As shown below, phosphate inhibits the enolase reac- 
tion, and the rates obtained in the presence of imidazole are much higher 
than those in the presence of phosphate, tris(hydroxymethyl)aminomethane, 
or bicarbonate (18). 

The kinetic constants were estimated from Lineweaver-Burk and Dixon 
plots (19, 20), either directly from the plots or according to the method of 
the least squares. 

Due to the optimal rates of the reaction, the following medium was 
chosen as a basis for the variations studied in this work: 0.05 m imidazole 
buffer, 0.008 m magnesium sulfate, 0.4 m potassium chloride, and approxi- 
mately m substrate. 


RESULTS AND DISCUSSION 


Enzyme Specificity and Effect of Substrate and Substrate Analogues—Of 
all the compounds tested in this work? (Table I), only GA2P and PAP were 


1 The following abbreviations and symbols are used: GA2P, glyceric acid 2-phos- 
phate; GA3P, glyceric acid 3-phosphate; PAP, enolpyruvic acid phosphate; v, steady 
state reaction velocity; V, maximal initial velocity; K,, Michaelis constant; and K,, 
inhibition constant. 

? Prepared in this laboratory by procedures to be published elsewhere. 
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found to be substrates for enolase. The synthetic analogue of GA2P, 
p-erythro-2 ,3-dihydroxybutyric acid 2-phosphate, gave no evidence of 
dehydration, 2.e. no increase in ultraviolet absorption, after prolonged 
incubation with the enzyme. Enolase thus appears to be specific for its 


TABLE I 


Compounds Tested As Inhibitors for Enolase Forward 
Reaction under Standard Conditions at pH 7.8 


Compound Inhibition Kj (mole per liter) 
p-Glyceraldehyde 3-phosphate.................. 
Dihydroxyacetone phosphate................... 
B-Glycerol 
8-Hydroxypropionic acid phosphate............. Competitive 4.5 X 
p-Lactic acid phosphate........................ 3.5 X 10-4 
p-Glyceric acid 3-phosphate..................... 4.5 X 10-4 
p-erythro-2 ,3-Dihydroxybutyric acid 2-phosphate. 6.0 X 
p-erythro-2,3-Dihydroxybutyric acid 3-phosphate. 3.3 X 10-3 
Inorganic Non-competitive| 6.4 X 10-3 
20F 
O 
5 L l 
-4.0 -3.5 -3.0 -2.5 -2.0 
Log {S] 


Fig. 1. The effect of substrate concentration on the rate of the enolase reaction. 
The system consisted of 0.008 m MgSO, and 0.05 M imidazole buffer at pH 7.0. T.N.= 
turnover number. 


natural substrates. A more definite conclusion awaits synthesis of L- 
threo-2 ,3-dihydroxybutyric acid 2-phosphate, which may be acted upon 
by the enzyme (see the formulas below). 

The effect of the substrate concentration on the rate of the enolase reac- 
tion is shown in Fig. 1, and the inhibition at high substrate concentration is 
apparent. The substrate inhibition was first reported by Malmstrém 


t 
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(12), who, working with pLt-GA2P, suggested that the inhibition was due 
to the unnatural L isomer. Since the pure p-GA2P used in this work gave 
the same inhibition, this hypothesis is not tenable. More recently Malm- 
strém and Westlund (16) proposed that the inhibition is due to the binding, 
and thus the removal of the activating metal ion by the substrate. The 
experimental evidence obtained in our work (Table II) is inconsistent with 
this hypothesis also. If the substrate inhibition were due to removal 
of metal by substrate, the inhibition should occur at lower substrate con- 
centration when the metal concentration was lowered, which is clearly not 
the case. When it was found that the totally ionized species GA2P*- 
and PAP* appear to be the active substrates for enolase (see below), the 
possibility was considered that other ionic species of the substrates (e.g. 
GA2PH?- and PAPH?-) might combine with the enzyme and cause inhi- 


TABLE IIT 


Combined Effects of Substrate, Magnesium, and pH on Rate of Enolase Reaction in 
0.05 m Imidazole Buffer 


Rates (A optical density per min.) at indicated substrate concentrations 
Concentration H 
of Mg P 
2M 5M 10 50 M 100 
M 
0.008 7.5 0.078 0.085 0.082 0.080 
0.008 6.0 0.039 0.053 0.055 0.054 
0.008 7.1 0.057 0.068 0.068 0.068 0.055 
0.001 7.1 0.069 0.069 0.072 0.066 0.057 


* Molar substrate concentrations X 10‘. 


bition. The data in Table II also appear to exclude such a mechanism, 
since the substrate concentration causing inhibition does not decrease with 
the pH. The most probable explanation of the substrate inhibition is that 
the active substrate combines with a neighboring site on the enzyme and 
thereby decreases the rate of breakdown of the active enzyme-substrate 
complex. Alberty (21) has discussed such a mechanism, which is consist- 
ent with the data on the substrate inhibition of fumarase (2), urease (22), 
and acetylcholinesterase (4). The general form of the substrate inhibition 
curve for enolase fits this mechanism. 

In an attempt to establish the chemical constitution required for a com- 
pound to combine with the active site of enolase, several compounds were 
tested as inhibitors in the forward reaction. The results (Table I) show 
that, of the organic phosphates tested, only those with both a carboxy] and 
a phosphate group caused inhibition. The spatial separation of the 
carboxy! and the phosphate groups appears to have some influence on the 
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binding, lactic acid phosphate being slightly more strongly bound than 
both 8-hydroxypropionic acid phosphate and GA3P. The effect of re- 
placing a hydrogen of the natural substrate with a methyl] group is shown 
by the higher value of K; for p-erythro-2 ,3-dihydroxybutyric acid 2-phos- 
phate. The combined effect of replacing a hydrogen with a methyl group 
and separating the carboxyl from the phosphate group is illustrated by the 
fact that p-erythro-2 ,3-dihydroxybutyric acid 3-phosphate is bound only 
one-tenth as strongly as is lactic acid phosphate. 


COOH COOH COOH 
CH: HCOPO;H, HCOH 
CH; H.COPO;Hz 
8-Hydroxypropionic p-Lactie acid p-Glyceric acid 
acid phosphate phosphate 3-phosphate 
HCOPO;H:2 HCOH 
| 
HCOH HCOPO;H, 
CH; CH; CH; 
p-erythro-2, 3- L-threo-2,3- p-erythro-2,3- 
Dihydroxybutyric Dihydroxybutyric Dihydroxybutyric 
acid 2-phosphate acid 2-phosphate acid 3-phosphate 


Effect of pH—All of the reaction velocities, measured in terms of optical 
density change per unit of time, were corrected for the effect of pH and 
metals on the molar extinction coefficient of PAP (10), so that throughout 
this work change in optical density is equivalent to change in molar con- 
centration of GA2P or PAP. 

The pH optimal curve for the forward reaction is given in Fig. 2. In 
further studies of the pH effects, the variations in V and AK, with pH were 
determined for both the forward and the reverse reaction. The plot of 
V against pH is shown in Fig. 3. Since V (equal to k;[]o) is independent 
of the substrate concentration, any change in V must signify a change in 
the enzyme-substrate complexes. A comparison of the curves in Figs. 2 
and 3 shows that the increase in the rate in the first part of the activity 
curve in Fig. 2 is due to ionization of the substrate (V is independent of 
pH in Fig. 3), and hence that the totally ionized species of GA2P and PAP 
are the true substrates for enolase. On the other hand, the decrease in 
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both v and V in the last part of the pH curves is due to changes in the 


enzyme. 
To test the reversibility of the pH inactivation, the following experiment 
was conducted: The pH of a standard reaction mixture of imidazole, KC], 


ro) 


Rate (AO.D./ min.) 


6 7 8 
pH 


Fic. 2. The effect of pH on the rate of the enolase reaction. The system consisted 
of 0.008 m MgSO,, 0.4 m KCl, 0.05 m imidazole buffer, and 2 K 10-4 m GA2P. 


ro) 
rs 


1 1 


MAXIMUM VELOCITY 


7 8 
pH 
Fia. 3. The effect of pH on the maximal initial velocity for the forward (@) and 
the reverse (O) reaction. The system consisted of 0.008 m MgSO,, 0.4 m KCI, and 
0.05 m imidazole buffer. The individual values of V were obtained from Lineweaver- 
Burk-Dixon plots. The two curves were obtained from different experiments, and 
do not represent the true relative magnitude of V for the forward and the reverse 


reaction. 


MgS0O,, and GA2P was adjusted to pH 10, and the amount of acid required 
to bring the pH of 3 ml. aliquots of this reaction mixture to pH 8 was 
accurately determined. In the controls, the acid was added before the 
enzyme and the rate was determined at pH 8. In the experimental runs, 
the enzyme was added first and the rate at pH 10 was determined for a 
time interval of about 2 minutes. The acid was then added, and the new 
rate for the same sample at pH 8 was obtained. The results are given in 
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Table III. They show that the inactivation up to pH 10 is reversible, and 
thus exclude irreversible denaturation as a cause of the inactivation. 

The possibility that the inactivation is due to removal of magnesium as 
insoluble Mg(OH), can also be tested. The solubility product of Mg(OH). 
is 1.2 X 10-" at 18° (23). Fora0.008 m solution of Mg**, the ion product 
will exceed the solubility product at pH values above 9.6, but below this 
pH no Mg(OH),: will precipitate. It has been suggested, however, that 
hydrated ionic species of an activating metal may combine with the enzyme 
and cause inhibition (24). 

Assuming that the pH inactivation is due to titration of an active group 
in the enzyme, one can estimate the pK’ of this active group as the pH 
value at which V is one-half of its maximal value (corresponding to the 
point where the active enzyme is reduced to one-half of its original concen- 


TaBLeE III 
Demonstration of Reversibility of pH Inactivation of Enolase 


Rate (A optical density per min.) | Rate (A optical density per min.) 
Experiment No. at pH 10 at pH 8 


Control 0.158 
1 0.020 0.154 
2 0.021 0.144 
3 0.014 0.130 


tration). In this way, the values 8.9 and 8.1 were obtained for the enzyme 
complexes of GA2P and PAP, respectively (Fig. 3). 

The theoretical titration curves calculated from the pK’ values above do 
not coincide exactly with the experimental points in Fig. 3. The total 
effect of pH on V thus seems to be due to several factors such as titration 
of an active group in the enzyme-substrate complex and the inhibition 
caused by the combination of the enzyme with MgOHt and Mg(OH)>. 

In a further attempt to measure the dissociation constant for the active 
site in the enzyme, the negative logarithm of the Michaelis constant (pK,) 
was plotted against pH according to the method of Dixon (25). Fig. 4 
gives the resulting curves for the forward and reverse reaction, showing 
breaks at pH 7.4 and 7.6, respectively. If the average, 7.5, is taken to be 
the dissociation constant for a group in the active site of enolase, the values 
8.1 and 8.9 determined for the two enzyme-substrate complexes correspond 
to the expected acid-weakening or base-strengthening effect of the sub- 
strate anions in close proximity to the dissociating group. This effect 
should be directly comparable to the basicity of the anion, and the differ- 
ence of units of pH 0.8 between the two pK’ values in Fig. 3 is in accord 
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with the difference in the titration values of the free substrates (pK;’ 
(GA2P) = 7.1 and pK;’ (PAP) = 6.4 (10)). A similar effect of the sub- 
strates on the ionization of fumarase has been reported (1). 

Effect of Group-Specific Protein Reagents—The most common groups 
in proteins that have a pK of 7.5 are a-amino groups, imidazolium groups, 
and sulfhydryl groups (26, 27). In an attempt to distinguish between 
these three possible groups in the active site of enolase, certain reagents, 
the specificities of which have been fairly well established, were tested as 
inhibitors. The enzyme was incubated with approximately equal con- 
centrations of the different inhibitors, and its activity was tested at a single 


4.4 
< 40+ 
xe) 
3.6 1 
6 8 


7 
pH 
Fic. 4. The variation of the negative logarithm of the Michaelis constant for the 


forward (@) and the reverse (O) reaction. The K, values were obtained from the 
same experiments and plots as the V values in Fig. 3. 


substrate concentration. In order to avoid buffer interference with the 
imidazole reagents, this experiment was run in phosphate buffer. The 
results are shown in Table IV and are as conclusive as these data can be in 
eliminating sulfhydryl as part of the active site of enolase. The prelimi- 
nary nature of this experiment and the lack of definite knowledge of the 
specificity of the other inhibitors used (28-30) make it difficult to interpret 
the rest of the results in Table IV. The fact that diisopropyl] phosphoro- 
fluoridate and p-nitrobenzoy] chloride inhibit enolase is in itself interesting, 
and a more careful and extensive study of the inhibition of enolase by 
different protein reagents is planned. 

Studying the effect of pH on the binding of zinc to enolase, Malmstrém 
(16) came to the conclusion that the metal is bound to a group with a pK’ 
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around 6 and suggested that this group may be imidazolium. This is not 
in conflict with the data obtained here. If the metal is bound to an imida- 
zolium group (pK’ = 6), the ionization of this group would not be detecta- 
ble by kinetic studies conducted in the presence of optimal concentrations 
of metal. The active site of enolase thus appears to contain one imid- 
azolium group (pK’ = 6) which is involved in the binding of the activating 
metal, and, in addition, another imidazolium group or an a-amino group 
(pK’ ~ 7.5) which is involved in direct interaction with the substrates. 


TABLE IV 
Effect of Group-Specific Reagents on Enolase Reaction 
Specificity for 
Reagent Pa 
SH NH: Imidazole 
lodoacetic acid..................... 0.044 
lodoacetamide...................... + 0.044 
p-Chloromercuribenzoate........... + 0.041 
Photooxidation..................... + 0.000 
Diisopropyl phosphorofluoridate*. . . + + (?) 0.000 
p-Nitrobenzoyl chloride............. + (?) 0.003 
Formaldehyde...................... ? + ? 0.022 


* Diisopropy] fluorophosphate (DFP). 


Mechanism ef Metal Activation—The two simplest general mechanisms 
for metal activation are 


S+M > SM 
E+ SM EMS PM+E (a) 
and 
ky 


EM+S z= EMS P+ EM (b) 
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The steady state treatment will yield the following rate laws: 


Vv 
~ 1+ + K./DsulMI[S] 


(1) 


V 
~ 1+ + 


(2) 


corresponding to mechanisms (a) and (b), respectively. These equations 
are derived from the assumption that the metal concentration is much 
higher than the concentration of both the substrate and the enzyme. 

The only difference between Equations 1 and 2 is that one contains the 
binding constant for the metal-substrate complex and the other that for 
the metal-enzyme complex. In general, kinetic data cannot distinguish 
between these two mechanisms (2). 

Warburg and Christian (11) originally showed that the kinetics of the 
metal activation of enolase could be explained by mechanism (b). More 
recently, Malmstrém (12-16) has arrived at the same conclusion by elabo- 
rate studies of the activation kinetics and of the binding of the activating 
metal to the enzyme and to the substrates. In view of the rather high 
concentrations of magnesium required for the activation of enolase, how- 
ever, it appears that mechanisms (a) and (b) can be distinguished by the 
following, simple experiment: If the variations in v with varying metal 
concentration are plotted according to Lineweaver-Burk-Dixon (1/v 
against 1/[M]), Equation 1 yields a straight line with intercept on the 
1/[|M] axis equal to 


1/(M] = (1 + [S]/K,) 
Similarly, Equation 2 gives a 1/[M] intercept of 
1/(M] = Dew (1 + [S]/K.) 


If the substrate concentration is held constant and equal to K,, mecha- 
nisms (a) and (b) in an experiment like this will yield 1/[4/] intercepts 
equal to 2Dsy and 2Dzey, respectively. Regardless of the numerical 
values of the respective binding constants, it is obvious that the forward 
and the reverse reaction for mechanism (a) will give intercepts differing by 
a factor corresponding to the difference in the magnesium-binding con- 
stants of GA2P and PAP, which are 280 and 180, respectively (10), whereas 
the same plots for mechanism (6) must give a common intercept, since 
the binding of the metal to the enzyme according to mechanism (b) is the 
same for the forward and the reverse reaction. This reasoning is based on 
the assumption that K, is constant over the range of metal concentrations 
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used. This assumption was tested for the forward reaction, and the re- 
sults are shown in Table V. Since the metal range used in the experiments 
) was from 1 X 10-* m to 5 X 10-* M, the above assumption holds. The 
intercepts for the forward and the reverse reaction are identical (Fig. 5). 
This is fairly conclusive in eliminating mechanism (a), the combination of 


) the metal with the substrate. It does not mean that mechanism (b), the 
TABLE V 
, Variations of V and K, for Forward Reaction with Varying Magnesium Concentration 
1 — 
Concentration of magnesium V (4 optical density per min.) Kz (moles per liter) 
M 

8 X 0.104 1.09 X 10-4 

5 X 107-3 0.174 1.04 X 10-* 

2X 10°? 0.124 1.20 10-4 
B 

4 
-——— 
100 300 500 
Fic. 5. Lineweaver-Burk-Dixon plot of 1/v against 1/[Mg] for the forward (@) 
and the reverse (O) reaction; in the absence of inhibitor (solid lines), and in the 
X presence of 4 X 10-§ m MnSO, (dotted lines). The system consisted of 0.05 m imida- 
zole buffer at pH 7.15, 0.4 m KCl, 1 X 10-* m GA2P for the forward reaction, and 

: 2X 10-* m PAP for the reverse reaction. 
1 simple combination of the metal with the enzyme, is correct, although the 
y evidence presented here is as conclusive as that presented previously for 


enolase (11-16) and for other enzymes as well (31-34). In addition, the 
“ “non-competitive activation” of enolase by suboptimal metal concentra- 
° tions (Table V) favors the proposition that it is primarily the enzyme that 
. is involved in the metal activation. 

, Metal Inhibition—The inhibition by metal excess (Table V) is pre- 
. dominantly non-competitive, indicating an inactivation of the enzyme 
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rather than the formation of an inactive metal-substrate complex. The 
mechanism may be similar to that proposed for the substrate inhibition, 
namely that at high metal concentrations a combination of a second metal 
ion with the enzyme results in inactivation. Such a mechanism is in agree- 
ment with the one proposed by Malmstrém (13), and does also fit the pro- 
posed picture of the active site of enolase. If there are two imidazole 
groups in the active site, one binding the metal and the other interacting 
directly with the substrates, the metal inhibition could arise from a combi- 
nation of metal to both the imidazole groups. 


TABLE VI 
Some Properties of Common Divalent Metals (23, 37) 

Metal Ionic radius Electronegativity* Enolase activity 
0.83 1.65 +f 
1.03 1.5 + 


* For definition of a unit, see Coryell (37). 
t From the data of Malmstrém (15). 


Malmstrém (15) tested some of the inactive divalent metals as inhibitors 
for the magnesium-activated enolase, and found them to be competitive 
inhibitors with respect to the activating metal. To test the inhibitory 
effect of a metal, which can itself activate the enzyme, we have studied the 
effect of manganese on the magnesium-activated system. Fig. 5 shows the 
1/v against 1/[M] plots in the absence and in the presence of manganese, 
for the forward and reverse reaction, and the somewhat unexpected picture 
of an uncompetitive inhibition. 

Comparative Effects of Activating Metals—Some of the properties of active 
and non-active divalent metals are compared in Table VI. It is clear 
that no single parameter can explain the effectiveness of the metals activat- 
ing enolase. 


Schubert (35) and Williams (36) have discussed the factors contributing 
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to the stability of complexes between metals and small organic molecules 
and polymers. Schubert has also pointed out that, regardless of the nature 
of the ligand or whether the metal is attached to oxygen, nitrogen, or sulfur, 
some general order exists with respect to the relative stability of the com- 
plexes of a series of metals, listed according to decreasing complex stability, 
as in the following Series A: 


Pd > Cu > Hg > Ni > Pb > Co > Fe(II), Zn > (A) 
Cd > Mn > Mg > Ca > Sr > Ba > Ra 

+ 
O 8s0-L 
O 
oO 40 

1 2 


Fic. 6. The relative effectiveness of some metals in activating enolase: magnesium 
(@), manganese (A), zinc (A), and cadmium (O). The system consisted of 0.05 
M imidazole buffer at pH 7.2 and 5 X 10-4 mM GA2P in the absence of KCl (solid lines) 
and in the presence of 0.4 m KCI (dotted lines). The activity obtained with cobalt 
and nickel was too low to record on this graph. pM = —log metal concentration. 


Apparently the stability decreases with decreasing electronegativity (in- 
creasing basicity) of the metals, and it is interesting that the metals that 
activate enolase (italicized in Series A above) all fall together in the mid- 
dle of the series. 

When the relative activation strength of the metals was tested in the 
enolase reaction (Fig. 6), Series B was obtained (Malmstrém’s data (15) 
were used to give Fe its appropriate place): 


Mg > Zn > Mn > Fe(II) > Cd > Co, Ni (B) 


With the data in Table VI, the relative activation strength in Series B 
can be explained in terms of electronegativity of the metals if some allow- 
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ance is also made for solubility and ionic radius. Thus Ca, Sr, and Ba all 
have an electronegativity close to that of Mg, but their ionic radii are larger. 
On the other end of Series A, Pb is found with both an ionic radius and 
an electronegativity favorable to activity. Pb, however, forms insoluble 
complexes with both GA2P and PAP, and for that reason should appear 
to be inactive. 

It is interesting to note the effect of the potassium ion on the relative 
effectiveness of the various metals in Fig. 6. The increase in the optimal 
metal concentration when potassium was added is in agreement with the 
expected decrease in the binding of the divalent metals in the presence of 
potassium. The total effect of potassium chloride is probably the sum of 
ionic strength effects and the specific effect on the binding of the activat- 
ing metal ions, and elucidation will require further study. 

A possible general mechanism for the enolase reaction is presented in the 
accompanying scheme. 


GA2PH? 
Keaor’ 
M+E - Dem. + GA2P>- E*MGA2P 
2 ‘ 
| K,’ | K 
E@toM E®@*) MGA2P 
PAPH? 
Kpap’ 
Dem | ke 
3 PAP*- + E*MPAP =" 
5 
Kx’ | K grap’ 
E@™*DMPAP 


In this scheme £"M represents the active metal enzyme with n negative 
charges. Ke’, Kecgaop’, Kepap’ are the dissociation constants for the 
ionizing group in the active center of the free metal enzyme (pK,’ = 7.5), 
in the metal enzyme-GA2P complex (pK,’ = 8.9), and in the metal enzyme- 
PAP complex (pK,’ = 8.1), respectively. Kgasp’ and Kpa,p’ are the 
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dissociation constants for the substrates (pK,’ values 7.1 and 6.4, respect- 
ively), and Dey is the binding constant for the enzyme metal complex. 
This mechanism has not been rigorously tested, but is in accord with all 
the data presented above. 


SUMMARY 


Enolase appears to be specific for p-glyceric acid 2-phosphate (GA2P) 
and enolpyruvic acid phosphate (PAP), and the substrates must be in the 
totally ionized forms (GA2P* and PAP*-) for the reaction to take place. 
The enzyme is inhibited by high concentrations of the substrate, and the 
inhibition is most probably due to the combination of a second substrate 
molecule to a neighboring site on the enzyme. 

A carboxyl group and a phosphate group are required for the interaction 
with the active site of the enzyme, and certain geometrical requirements 
with respect to the size of the molecule and to the separation of the carboxyl 
group and the phosphate group must also be satisfied. 

Certain divalent metal ions are required for the enolase reaction, and the 
function of the metal ions presumably is to combine with the enzyme and 
thereby form the active metal enzyme. 

A certain predictability as to which metals activate enolase is obtained 
from considerations of the electronegativities and the ionic radii of the 
metals and the solubilities of the different metal complexes. 

The active site of enolase may contain an ionizable group, with a pK of 
about 7.5. The enzyme is reversibly inactivated when the group is ti- 
trated from its acidic to its basic form. This group appears to be either 
an imidazole or an a-amino group. 

A general mechanism for the enolase reaction has been proposed. 
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PYRIMIDINE METABOLISM 
II. ENZYMATIC PATHWAYS OF URACIL ANABOLISM* 


By E. 8. CANELLAKIS 


(From the Department of Pharmacology, Yale University 
School of Medicine, New Haven, Connecticut) 


(Received for publication, November 16, 1956) 


The ability of tissues to incorporate uracil, uridine, and uridine 5’-phos- 
phate! into ribonucleic acid has been the subject of considerable investiga- 
tion (1-4). The work of Plentl and Schoenheimer (5) had indicated that 
when rats are fed N!°-uracil the label is not incorporated into the tissue 
RNA. Similar results were obtained by Rutman, Cantarow, and Pasch- 
kis when uracil-2-C' was administered to rats (6). These authors also 
found that hepatomas induced by 2-acetylaminofluorene in rats, in con- 
trast to normal liver, showed an extensive incorporation of uracil into 
RNA. 

Experiments with C-labeled uridine and UMP (7) have indicated that 
each of these is incorporated into the RNA of normal rat liver at a rate 
which is appreciably higher than that observed with uracil. Therefore, 
it was possible that the limited incorporation of uracil into the RNA of 
normal rat liver could be a reflection of an inefficient conversion of the 
base to the corresponding nucleoside or nucleotide. 

The present investigation shows that there occurs in the normal rat 
liver a nucleoside phosphorylase capable of converting uracil to uridine 
in the presence of R-1-P; in addition, these studies demonstrate the exist- 
ence in rat liver of uridine kinases which will catalyze the phosphorylation 
of uridine to UMP, UDP, and UTP. No evidence for the direct phospho- 
ribosylation of uracil in the presence of PRPP has been found in rat liver, 
although the present investigation shows that this reaction will occur in 
sonic extracts of a uracil-requiring mutant of Lactobacillus bulgaricus. 
Accordingly, it is suggested that the inability of normal rat liver to incor- 
porate uracil into RNA is not due to the absence of an anabolic pathway for 


* This investigation was supported in part by grants from the American Cancer 
Society and from the National Institutes of Health, Public Health Service. 

1 The abbreviations used are RNA, ribonucleic acid; UMP, uridine 5’-phosphate; 
UDP, uridine 5’-diphosphate; UTP, uridine 5’-triphosphate; ADP, adenosine 5’- 
diphosphate; ATP, adenosine 5’-triphosphate; ITP, inosine 5’-triphosphate; R-1-P, 
ribose 1-phosphate; R-5-P, ribose 5-phosphate; PRPP, ribose 5-phosphate-1-pyro- 
phosphate; Tris, tris(hydroxymethyl)aminomethane; EDTA, ethylenediaminetetra- 
acetate; UDPG, uridine diphosphate glucose; TCA, trichloroacetic acid. 
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uracil; rather, it may be attributable, in part at least, to competition be- 
tween the anabolic and the catabolic pathway, as will be shown in the 
discussion and in a subsequent paper of this series.” 


EXPERIMENTAL 


Materials and Methods—The preparation of the acetone powders of rat 
liver supernatant fraction used in these experiments has been described 
(8). The uracil-2-C™ and uridine-2-C“ were prepared from orotic acid-2- 
C*, Orotic acid-2-C™ was converted to UMP-2-C" in the presence of 
PRPP and dialyzed crude bakers’ yeast extract (9). This preparation 
will convert part of the UMP-2-C* to uridine and uracil-2-C", a circum- 
stance presumably attributable to the presence of phosphatases and nucleo- 
sidases. The uracil-2-C™, uridine-2-C", and UMP-2-C™ were separated 
by ion exchange chromatography (10) and further purified by paper chro- 
matography, with use of various solvent systems (11-13). 

The extent of the reaction in the presence of nucleoside phosphorylase 
was followed by two methods. In one, the appearance or disappearance of 
ribose was measured in the supernatant solution obtained after precipita- 
tion with TCA by using a modified orcinol test (14); in the other, used with 
the more purified enzyme fractions, the increase in absorption at 285 
my coincident with the conversion of uridine to uracil in 1 N NaOH solu- 
tion was measured (in the model DU Beckman spectrophotometer). The 
two methods showed good agreement. 

The nucleotides formed during the phosphorylation of uridine in the 
presence of the rat liver enzymes were determined after the cooled incuba- 
tion mixture was deproteinized with HCI1O, and neutralized to pH 7 with 
KOH. The supernatant fluid was then chromatographed according to the 
procedure of Hurlbert et al. (10). The individual nucleotides were identi- 
fied by the coincidence of radioactivity with ultraviolet absorption in the 
presence of known carrier nucleotides, as well as by their migration on paper 
chromatograms in isobutyric acid-ammonia (15) and isopropanol hydro- 
chloric acid (12) as compared with reference standards. The extent of 
phosphorylation was usually followed by expressing radioactivity of the 
nucleotide forms as per cent of the total radioactivity recovered after incu- 
bation of uracil-2-C™ or uridine-2-C™ with the enzyme system in question. 
In the experiments in which UMP was the only nucleotide formed or in 
which all the uridine nucleotides were determined collectively, the depro- 
teinized and neutralized supernatant fluid was added to a 2 to 3 cm. column 
of Dowex | resin in the formate form. Elution commenced with two 5 ml. 
portions of 0.2 n HCOOH, which elutes both uracil and uridine. The 
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column was further treated with two 5 ml. portions of a mixture of 4.0 
n HCOOH and 1.0 m HCOONH,, which elutes the uracil nucleotides. 
Samples of the eluates were plated on stainless steel planchets (Tracerlab), 
were oven-dried for 10 to 16 hours, and were counted. This method vola- 
tilizes the ammonium formate. Control radioactive samples were similarly 
treated to permit evaluation of the self-absorption. The accuracy of the 
method was estimated to be within +8 per cent. 

The PRPP was synthesized by the method of Kornberg et al. (16), who 
employed an isoelectric precipitate of pigeon liver enzyme. After incuba- 
tion for 2 hours, the mixture was cooled to 3° and 500 mg. of activated char- 
coal were thoroughly suspended with 100 ml. of incubation mixture and 
centrifuged. Of this supernatant fluid, 6 ml. portions were added to 3 cm. 
columns of activated charcoal and eluted with 5 ml. of water. The two 
fractions obtained in this way, the break-through and the water eluate, con- 
tained, respectively, 75 and 25 per cent of the total PRPP, and 0.01 and 
0.1 per cent of the total material absorbing at 260 my. Subsequent re- 
elution under similar conditions yielded PRPP, which was free from ma- 
terial absorbing at 260 mu; it was assayed with the orotic acid phospho- 
ribosyl-pyrophosphorylase enzyme obtained after alcohol fractionation of 
brewers’ yeast (17). 


Results 


Uridine Phosphorylase—A partial purification of the enzyme, which re- 
sulted in a 10-fold increase in its specific activity (Table I), was carried 
cut, at 0—3°, as follows: 1 gm. of rat liver acetone powder was dissolved in 
10 ml. of 0.05 m Tris buffer, pH 7.4, and dialyzed for 24 hours against two 
4 liter changes of this buffer. Under the conditions of preparation of the 
acetone powder, very little protein remained undissolved; this was centri- 
fuged at 20,000 X g for 20 minutes. ‘To the supernatant fluid (Fraction I), 
solid ammonium sulfate was added to 35 per cent saturation; a precipitate 
(Fraction II), obtained by centrifugation, contained about 75 per cent of 
the initial enzymatic activity, whereas the mother liquor (Fraction ITI) 
contained about 15 per cent of the initial enzymatic activity. Fraction II 
was dissolved in 10 ml. of 0.05 m Tris buffer, pH 8.0, heated rapidly in a 65° 
water bath to 55° for 1 minute, and then quickly chilled and centrifuged. 
To the resulting supernatant fluid (Fraction IV) were added, per 5.0 ml., 
1.25 ml. of 1.0 m acetate buffer, pH 5.4, and 250 mg. of calcium phosphate; 
after thorough mixing and centrifuging, the pH was adjusted to 7.4 with 
1.0 m Tris buffer, pH 8.0 (Fraction V). The protein was precipitated com- 
pletely by the addition of excess ammonium sulfate, dissolved in 0.05 m 
Tris buffer, pH 7.4, and dialyzed for 24 to 48 hours against three 4 liter 
changes of this buffer. The enzyme was assayed during the purification 
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procedure by the orcinol test which measures the R-1-P formed during 
the phosphorolysis of uridine. 


TABLE I 

Fractionation of Uridine Phosphorylase from Rat Liver Acetone Powders* 

eee Total : Total enzyme Per cent of initiall : ae Purificati 

I 20 106 100 5.3 1 
II 6.4 79 74.5 12.3 2.3 
ITT} 9.6 15.9 15 1.66 0.3 
IV 3.1 79 74.5 25.5 4.7 
Vv 1.6 85 81 53.0 10.0 


* Incubation medium contained 12.3 wmoles of uridine, 300 wzmoles of phosphate, 
pH 8, 200 umoles of Tris buffer, pH 8, and enzyme solution toa final volume of 3.7 ml. 
The volume of enzyme solution used in each tube was proportional to the total volume 
of the corresponding fraction. 

tT Protein determined by the method of Warburg and Christian (25) based on the 
equation given by Kalckar (26). 

t Enzyme activity defined as the amount of ribose, in micrograms, formed in each 
sample during the first 5 minutes. 

§ Ratio of total enzyme activity per sample to total protein mg. per sample. 

|| Mother liquor of Fraction IT. 
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Fic. 1. Phosphorolysis of uridine by rat liver uridine phosphorylase. Incubation 
medium contained 12.3 wzmoles of uridine, 200 umoles of Tris buffer (pH 8), 22 mg. of 
protein (Fraction I). O, no phosphate; X, 0.016 mM phosphate; @, 0.050 m phosphate. 
Values on abscissa measured as per cent of total uridine added. 


Fig. 1 shows that uridine phosphorylase is inactive in the absence of 
phosphate and that its activity is dependent upon the concentration of 
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phosphate. Of the end products of the reaction, the uracil was identified 
by paper chromatography (11), whereas the R-1-P was isolated as the 
barium salt by a slight modification of the method of Friedkin used for the 
isolation of deoxyribose 1-phosphate (18). Analysis of this barium salt 
for acid-labile phosphate and ribose showed a molar ratio of 1.00:1.06. 
In the reaction, as would be expected, arsenate was able to replace phos- 
phate, while Mgt* was not required and EDTA did not inhibit. Because 
of interfering reactions, it has been difficult to ascertain the equilibrium 
point of the reaction. The requirement for R-1-P in the conversion of 
uracil to uridine was demonstrated by the decrease in the intensity of the 
orcinol-reactive material when uracil was incubated in the presence of an 
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Fig. 2. Conversion of uracil and R-1-P to uridine in the presence of rat liver uri- 
dine phosphorylase. Incubation medium contained 15 wmoles of R-1-P, 200 umoles 
of Tris buffer, pH 8, and 1.5 mg. of protein (Fraction V); final volume, 4.0 ml. The 
reaction was followed by the disappearance of ribose color obtained with orcinol. 
@, no uracil; X, 30 wmoles of uracil. Values on abscissa measured as per cent of 
initial ribose present. 


excess of R-1-P (Fig. 2). This reaction did not occur when R-5-P or ri- 
bose was substituted for R-1-P. 

The formation of uridine-2-C™ was demonstrated by paper chromatog- 
raphy when uracil-2-C" was incubated with R-1-P in this system. Fur- 
ther evidence for the requirement of R-1-P for the conversion of uracil to 
uridine will be given when the properties of the uridine kinase are described. 
In Fig. 3, the pH-activity curve for the phosphorolysis of uridine is shown 
to have a rather wide optimum in the region of pH 8. 

Assay of the crude acetone powder extract (Fraction I) for a cytidine 
nucleosidase or a cytidine phosphorylase showed these enzymes to be 
absent from this fraction, as assayed by the orcinol test. 

Uridine Kinase—To the dialyzed and centrifuged acetone powder ex- 
tract, described as Fraction I under “Uridine phosphorylase,’”’ was added 
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solid ammonium sulfate to 25 per cent saturation. The resulting pre- 
cipitate was found to contain 130 per cent of the uridine kinase activity 
available in the whole acetone powder extract and provided a 4- to 5-fold 
purification. This fraction was used as such after a 48 hour dialysis against 
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Fic. 3. Effect of pH on uridine phosphorylase activity. Incubation medium con- 
tained 12.3 zmoles of uridine, 2.0 mg. of protein (Fraction V), 40 umoles of phosphate, 
100 zmoles of Tris buffer. Final volume, 3.7 ml. Values for enzyme activity (see 
Table I) were calculated as multiples of the enzyme activity at pH 6.5. 


TaBLeE II 
Phosphoribosylation of Uracil and Uridine by Uridine Kinase* 


Tort Per cent conversion tot 
fe) 
Additionst nucleotidest 


UMP UDP UTP U-X 


Uracil-2-C' (0.05), R-1-P (0.20), 


Uridine-2-C™ (0.05), ITP (0.20)..... 
Uridine-2-C™ (0.05), ADP (0.20).... 


40 15 «-— 25 > 
Uracil-2-C"* (0.05), ATP (0.20)...... 0 
Uridine-2-C"* (0.05), ATP (0.20).... 60 10 5 15 30 
55 
48 


* Incubation medium contained 200 uzmoles of Tris buffer, pH 8, 10 umoles of Mg**, 
and 3 mg. of protein (see the text). Final volume, 1.0 ml.; incubation time, 30 min- 


utes. 
t The figures in parentheses define the micromoles of substrates added. 


t Per cent conversion of the total recovered radioactivity to the nucleotide form. 


0.05 m Tris buffer, pH 7.4. Table II shows that uridine was phosphorylated 
in the presence of purine di- and triphosphates. An absolute requirement 
for Mg++ in his reaction was observed, and an optimal concentration was 
attained at 10-* m. Phosphate inhibited the reaction, but this was prob- 
ably due to the presence of uridine phosphorylase in the preparation (see 
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Table I) which competed for the available uridine and degraded it to ura- 
cil. That uracil was formed under these conditions was demonstrated. 

Among the products of this phosphorylation were UMP, UDP, and UTP 
(Table II). A similar mixed myokinase type of reactions has been de- 
scribed (19, 20). The results of Herbert, Potter, and Takagi (21) indicate 
that enzymes occur in the rat liver which can phosphorylate UMP in the 
presence of ATP to form UDP, which can be further phosphorylated to 
form UTP. This mechanism adequately describes the formation of the di- 
and triphosphates in the present system. In addition to these compounds, 
another phosphorylated derivative of uridine was formed (U-X). This sub- 
stance, on column chromatography, was eluted in a position between that 
of UDP and UTP, whereas on paper chromatograms its Rp value was 0.2 
with isobutyric acid-ammonia and 0.1 with ethanol-ammonium acetate; in 
the latter system the Rr of this compound did not agree with that of 
UDPG (22). Itis at present being isolated in amounts adequate foridenti- 
fication. 

This enzyme fraction also converted uracil to UMP in the presence of 
R-1-P and ATP (see Table II), since, as can be seen from Table I, it also 
contained uridine phosphorylase. Since this reaction did not proceed 
in the absence of R-1-P, additional evidence for the prior conversion of 
uracil to uridine was provided. 

Uracil Phosphoribosyl-Pyrophosphorylase—Extracts of L. bulgaricus 09X 
(23) were obtained by sonic treatment for 60 minutes at 9.0 ke. of a bac- 
terial suspension in 0.1 m Tris buffer, pH 7.4. To 45 ml. (representing 6 
gm., wet weight, of bacteria) of the supernatant fraction isolated by cen- 
trifugation were added 3.0 ml. of acetate buffer (1.0 mM, pH 5.4) and solid 
ammonium sulfate to 60 per cent saturation. The precipitated protein 
was dissolved in Tris buffer (0.05 mM, pH 7.4) and dialyzed against two 4 
liter changes of this buffer for 24 hours. 

Table III shows that the crude bacterial extract converted uracil to 
UMP in the presence of ATP and R-5-P, as well as in the presence of 
PRPP, although in the dialyzed ammonium sulfate fraction the capacity 
to form UMP from uracil, ATP, and R-5-P was lost. However, at least 
80 per cent of the added uracil was converted to UMP when uracil and 
PRPP were added in equimolar concentrations. Synthesis of UMP did 
not occur in the presence of uracil and R-1-P and ATP, nor in the presence 
of uridine and ATP, circumstances which suggest that a uridine kinase, 
such as that previously described in rat liver, was absent from this fraction. 

The optimal Mg++ concentration for the ribotidation of uracil with 
PRPP was 1 X 10°? mM. Phosphate at concentrations of 0.05 m inhibited 
this reaction by 80 per cent. This phosphate inhibition, which is difficult 
to explain for a pyrophosphorolytic reaction, was not limited to the uracil 
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pyrophosphorylase, since we? have observed a similar inhibition of the 
orotic acid pyrophosphorylase from yeast (9). In this latter reaction, 
0.15 m phosphate or 0.15 m sulfate also inhibited by 80 per cent, while 0.15 
m chloride inhibited by 30 per cent. 


DISCUSSION 


Previous investigations had shown that the soluble cytoplasmic fraction 
of rat liver contains the enzymes involved in the catabolism of uracil and 
of thymine (8). They had also indicated the requirements of the system 
as well as the nature of the compounds formed during this degradation. 
The present investigation indicates that the same soluble cytoplasmic 


TaBLeE III 
Phosphoribosylation of Uracil by Extracts of L. bulgaricus 09X in Presence of PRPP* 


Per cent conversion 
to UMP} 
Additionst 

_ raction- 

extracts 
Uracil-2-C™ (0.05) + PRPP (0.05)...........................005. 48 85 
Uracil-2-C' (0.05) + R-5-P (0.20) + ATP (0.20)................. 12 2 
Uracil-2-C™ (0.05) + R-1-P (0.20) + ATP (0.20)................. 0 


* Incubation medium contained 100 wmoles of Tris buffer, pH 8, 10 umoles of Mg, 
3.2 mg. of protein for the crude extracts, and 1.1 mg. of protein for the fractionated 
extracts. Final volume, 1.0 ml.; incubation time, 20 minutes. 

t The figures in parentheses define the micromoles of substrates added. 

t Per cent conversion of the total recovered radioactivity to UMP. 


fraction of rat liver contains the enzymes which participate in the anabolism 
of uracil. The existence of enzymatic pathways in the liver which can 
convert uracil to the nucleotide stage contrasts with the very limited ability 
of this organ to incorporate uracil into RNA. It is possible, of course, 
that the uridine phosphorylase and the uridine kinase under study normally 
have some other function, and that their action on uracil is incidental. 
Another possibility, which is perhaps more likely, becomes apparent when 
the coexistence of the catabolic and anabolic pathways for some compound 
in the same cell fraction is taken into account. This suggests a homeostatic 
mechanism which regulates the amount of compound available for anabolic 
reactions. Such anabolic reactions, depending on the demands of the 
organism, could lead either to the production of precursors for nucleic acid 
synthesis or to the formation of precursors for the synthesis of uridine sugar 
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nucleotides, as for instance UDPG. Further evidence for the existence of 
such a homeostatic mechanism will be presented in a subsequent publica- 
tion.2 The occurrence of uridine phosphorylase has been previously dem- 
onstrated in Escherichia coli (24). 

The demonstration of an enzyme in L. bulgaricus which will convert 
uracil to UMP in the presence of PRPP raises the possibility that this 
pathway for pyrimidine nucleotide anabolism may be found in other 
species. The sensitivity of this reaction to phosphate, sulfate, and chloride 
ions in combination with a variety of cations appears to be a reflection of 
a sensitivity of this reaction to high salt concentration rather than any 
particular anion or cation. This reaction affords a method for the enzy- 
matic synthesis of UMP from uracil in good yields. 


SUMMARY 


The soluble cytoplasmic fraction of rat liver has been demonstrated to 
contain uridine phosphorylase, an enzyme which catalyzes the reversible 
reaction: uracil + ribose 1l-phosphate = uridine + phosphate. This 
enzyme has been purified 10-fold. Cytidine is inert in this system. 

The same fraction of rat liver contains uridine kinase; this enzyme, in 
the presence of adenosine triphosphate and Mg**, phosphorylates uridine 
to form uridine 5’-phosphate. In addition, uridine di- and triphosphates 
and an unidentified phosphorylated uridine compound are formed. 

The significance of these findings with reference to the very limited 
ability of rat liver to incorporate uracil into ribonucleic acid is discussed. 

Sonic extracts of a uracil-requiring strain of Lactobacillus bulgaricus con- 
tain an enzyme which converts uracil to uridine 5’-phosphate in the pres- 
ence of ribose 5-phosphate-l-pyrophosphate. This reaction affords a 
convenient method for the synthesis of radioactive uridine 5’-phosphate 
from radioactive uracil. 


The author wishes to thank Dr. Arnold D. Welch for his interest in this 
work and Miss Coryce Ozanne for her excellent assistance. 
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ON THE MODE OF ACTION OF X-RAY PROTECTIVE AGENTS 
II. THE ENZYMATIC REDUCTION OF DISULFIDES* 


By ALEXANDER PIHL, LORENTZ ELDJARN, ann JON BREMER? 


(From Norsk Hydro’s Institute for Cancer Research, 
The Norwegian Radium Hospital, Oslo, Norway) 


(Received for publication, November 26, 1956) 


It is well known that various disulfides can be reduced in animal tissues. 
Enzyme systems capable of reducing oxidized glutathione (GSSG) have 
been well characterized (1), but the detailed mechanism whereby other 
disulfides are reduced remains obscure. Recently Racker reported (2, 3) 
that homocystine was fairly rapidly reduced by a glutathione reductase 
system, provided small amounts of glutathione (GSH) were present. The 
reduction was thought to be due to a hydrogen transfer from GSH to homo- 
cystine, and this reaction was claimed to be catalyzed by a specific enzyme 
“glutathione-homocystine transhydrogenase” (3, 4). With crude liver 
preparations the reduction of a wide variety of SS compounds was observed, 
but in these instances no evidence for the participation of glutathione re- 
ductase or glutathione was obtained. No reduction of cystine could be 
demonstrated. 

Recently it has been shown in this laboratory (5, 6) that the interaction 
of a thiol (e.g. reduced glutathione) with disulfides (YSSY) proceeds ac- 
cording to the following reactions: 


GS- + YSSY — GSSY + YS~ (1) 
GSSY + GS~ GSSG + (2) 


Clearly, if in such a thiol-disulfide system the GS~ is continuously re- 
generated by the action of glutathione reductase, the net result will be that 
YSSY is reduced. Since we have found that GS~ reacts rapidly with vari- 
ous disulfides at pH 7.4 and 37°, even at low concentrations of reactants, 
the possibility was considered (7, 8) that the biological reduction of disul- 
fides may be brought about by Reactions 1 and 2, coupled with the enzy- 
matic reduction of GSSG by glutathione reductase. 

In the present report the role of glutathione in the mechanism of disul- 
fide reduction has been reinvestigated. It is demonstrated that N,N'- 
diacetylcystamine ((AcRS)-2), cystamine (RSSR), NV, N'-tetramethyleysta- 


* Supported by grants from The Norwegian Cancer Society. 
t Fellow of The Norwegian Cancer Society. 
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mine ((Me2RS):), cystine (CSSC), 
and homocystine (HSSH) are reduced by a glutathione reductase prepara- 
tion from rat liver in the presence of small amounts of glutathione. The 
data strongly support the mechanism proposed above, since in several mix- 
tures of GS~ with disulfides the observed initial rate of disulfide reduction 
paralleled the equilibrium concentration of GSSG. The possibility that 
mixed disulfides containing glutathione (GSSY) could serve as substrates 
for glutathione reductase is excluded. 


EXPERIMENTAL 


Materials—Oxidized and reduced glutathione, triphosphopyridine nu- 
cleotide (TPN), and glucose 6-phosphate (the Ba salt) were purchased from 
the Nutritional Biochemicals Corporation. The glucose 6-phosphate was 
converted to the potassium salt. Tetramethylcystamine and tetraethyl- 
cystamine were kindly supplied by Deutsche Gold- und Silber-Scheidean- 
stalt, Vormals Roessler, Frankfort-on-the-Main. The L-cystine and DL- 
homocystine were obtained from Hoffmann-La Roche, Inc. Cysteamine, 
cystamine, and diacetylcystamine were synthesized according to procedures 
previously published (9, 6). 

Preparation of Rat Liver Enzymes—An enzyme extract containing glu- 
cose-6-phosphate dehydrogenase and glutathione reductase was prepared 
from rat livers. The livers were squeezed through a tissue press, and the 
pulp thus obtained was homogenized in 2 volumes of 0.1 m phosphate buffer 
at pH 7.6. The homogenate was centrifuged at 100,000 * g for 60 min- 
utes. To the particle-free supernatant fluid 2 volumes of saturated am- 
monium sulfate were added. The protein was reprecipitated with ammo- 
nium sulfate, dissolved in phosphate buffer, and dialyzed against distilled 
water for 4 hours. 2 volumes of ice-cold acetone were added, and the 
precipitate was washed four times with acetone and subsequently lyophil- 
ized. The powder thus obtained could be stored in the cold for at least 
2 months without loss of enzymatic activity. 

Experimental Procedure—The reduction of GSSG and the other disul- 
fides was measured according to the procedure of Rall and Lehninger (10). 
TPNH was prepared enzymatically from TPN and glucose 6-phosphate. 

From Fig. 1 it is noted that the reoxidation of TPNH in the presence of 
disulfides, GSH, and glutathione reductase is very rapid compared to the 
reduction of TPN by glucose 6-phosphate. The loss of optical density at 
340 my could therefore be used as a measure of the disulfide reduction rate. 

Unless otherwise stated, each reaction mixture contained 0.5 ml. of en- 
zyme solution, 0.25 uymole of TPN, and 0.25 umole of glucose 6-phosphate 
in 0.1 M potassium phosphate buffer at pH 7.6. The total reaction volume 
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was 2.15 to 2.20 ml. The TPN was reduced by incubating the reaction 
mixture for 1 hour at 25°, and the substrate solutions were then added. 

The enzyme solution was obtained by extracting the acetone powder with 
0.1 m phosphate buffer at pH 7.6 (20 mg. of powder per ml. of buffer). 
The faintly vellow solution was centrifuged (25,000 X g for 15 minutes) 
before use. 

All substrate solutions were made 0.05 mM with respect to Versene to pre- 
vent spontaneous oxidation of the sulfhydryl compounds. These Versene 
concentrations did not interfere with the reaction rates. 


OPTICAL DENSITY 


MINUTES 

Fig. 1. The reduction of various disulfides by a rat liver glutathione reductase sys- 
tem. The reaction mixtures contained 0.5 ml. of enzyme solution and 0.25 umole of 
TPN in 0.1 mM potassium phosphate buffer at pH 7.6. At zero time 0.25 umole of glu- 
cose 6-phosphate was added. At the times indicated, 0.25 umole of the substrate 
(YSSY) and 0.5 umole of GSH were added. The incubation temperature was 25°. 
The optical density at 340 mu was measured every 30 seconds. 


Results 


It appears from Fig. 1 that, except for GSSG, none of the disulfides tested 
was reduced by the enzyme preparation in the absence of GSH. When 
GSH was added, the different disulfides were reduced, although at markedly 
different rates. Also cystine was reduced under these conditions. These 
observations stand in contrast to the findings reported by Racker (3). 

It is clear from the data in Fig. 1 that, whereas GSSG was readily re- 
duced by the enzyme system, the other disulfides were unable as such to 
serve as substrates under our conditions. The fact that these disulfides 
were rapidly reduced upon addition of small amounts of GSH is most 
readily explained by assuming that the GSSG formed by the exchange 
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Reactions 1 and 2 was continuously reduced by the enzyme. The possi- 
bility that the mixed disulfides (GSSY) can likewise serve as substrates for 
the enzyme glutathione reductase should also be considered. 

In order to test the above reaction mechanism we proceeded to measure 
the initial rate of reduction of various disulfides in different. thiol-disulfide 
mixtures. The observed rates of reduction were correlated with the initia! 
equilibrium concentrations of GSSG and GSSY in the substrate solutions. 
These latter concentrations were calculated by procedures previously re- 
ported (6), on the basis of the equilibrium constants Ke and K; (Reactions 
3 and 4) and the initial concentrations of the reactants. 


RATE OF REDUCTION —- 
MOLES GSSG AND GSSR— 


GSSR 


GSSG 


Fic. 2. The initial rate of disulfide reduction in reaction mixtures containing dif- 
ferent equilibrium concentrations of the possible substrates (GSSG and GSSR). 
The substrate solutions were equilibrated for 10 minutes before the addition of the 
glutathione reductase system. The equilibrium concentrations of GSSG and GSSR 
were calculated (6) on the basis of Kz = 5.00 and A; = 0.34 (unpublished data). In- 
itial rate of reduction (X, ADssomyz per 30 seconds). 


In Fig. 2 is shown the initial rate of disulfide reduction when a constant 
amount of GSSG was incubated, before the addition of the enzyme, with 
increasing amounts of cysteamine (RSH). It is clear that the initial rate 
of reduction paralleled the calculated equilibrium concentration of GSSG, 
while it showed no relationship to the GSSR concentration. 

In mixtures of a constant amount of GSH and increasing amounts of 
(AcRS):e (Fig. 3), again a striking correlation between the calculated GSSG 
concentration and the initial rate of disulfide reduction can be seen. In 
Fig. 4 the same relationship is demonstrated in a second system (GSH + 
RSSR). Here is also included the rate of reduction in the GSH + 
HSSH system, the equilibrium constants of which are unknown. Clearly, 
the rate of reduction varies qualitatively as the expected variation of GSSG. 


A. PIHL, L. ELDJARN, AND J. BREMER 343 


In both systems (Figs. 3 and 4) the concentration of mixed disulfides showed 
no correlation with the rate of disulfide reduction. 
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Fic. 3. The initial rate of disulfide reduction in reaction mixtures containing dif- 
ferent equilibrium concentrations of the possible substrates (GSSG and GSSRAc). 
Experimental conditions as in Fig. 2. X, initial rate of reduction. 
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Fic. 4. The initial rate of disulfide reduction in reaction mixtures containing dif- 
ferent equilibrium concentrations of the possiblesubstrates. @, initial reduction rate 
in the RSSR and GSH system. The initial equilibrium concentrations of GSSR and 
GSSG refer to this system and are calculated on the basis of Az = 2.94 and A; = 0.20 
(unpublished data). O, initial reduction rate in the GSH and HSSH system. The 
initial equilibrium concentrations of GSSG and GSSH are unknown. 


DISCUSSION 


The present data demonstrate that a number of disulfides can be reduced 
by a glutathione reductase system in the presence of small amounts of glu- 
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tathione. The finding that in several systems the initial rate of disulfide 
reduction parallels the initial equilibrium concentrations of GSSG in the 
substrate solution is considered evidence that these reductions are brought 
about by the following coupled reactions: 


GS- + YSSY == GSSY + YS-: (3) 
vy 
GSSY + GS- == GSSG + YS-;_ AK; = — (4) 


vs; k 


glutathione 
GSSG — 2487 (5) 
reductase system 


The fact that the initial rate of disulfide reduction shows no correlation 
with the equilibrium concentration of GSSY rules out the possibility that 
mixed disulfides containing glutathione can serve as a substrate for gluta- 
thione reductase. 

It is observed in Figs. 3 and 4 that, in the thiol-disulfide mixtures studied, 
the equilibrium concentrations of GSSG were very low. In fact, it can be 
calculated that the action of the glutathione reductase would rapidly have 
reduced the GSSG concentration virtually to zero, if GSSG were not 
promptly regenerated according to Reactions 3 and 4. The good agree- 
ment found between the initial rate of disulfide reduction and the equilib- 
rium concentration of GSSG in the original substrate solution indicates that 
Reactions 3 and 4 were sufficiently fast to maintain the GSSG concentra- 
tion. Under such conditions the equilibrium constants of the system de- 
termine the concentration of GSSG and thereby govern the over-all rate 
of disulfide reduction. 

The reaction mechanism presented for the reduction of disulfides by glu- 
tathione reductase, in the presence of GSH, is generally applicable. So far, 
the mechanism has been adequately studied only in the two systems in 
which the equilibrium constants and the reaction rates had been deter- 
mined. The studies are now being extended in this laboratory. 

In the present studies no evidence was obtained for the participation of 
enzymes other than glutathione reductase. Although the possibility can- 
not be excluded that biological systems contain enzymes capable of catalyz- 
ing thiol-disulfide exchange reactions, the spontaneous reactions in the 
systems studied seem to be sufficiently rapid to make the postulation of 
such enzymes unnecessary. 

The data in this paper support our previous contention (5, 6) that the 
accessible SH and SS groups in the organism exist in a dynamic equilib- 
rium, governed by the appropriate equilibrium constants and by the ratio 
(total SH)/(total SS). This ratio presumably is regulated mainly by the 
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enzymes which oxidize and reduce glutathione. These views accord to 
glutathione a specific and important function in the regulation of the state 
of body SH and SS groups. 


SUMMARY 


The role of glutathione reductase in the mechanism of disulfide reduction 
has been reinvestigated. It is demonstrated that the disulfides, cysta- 
mine, diacetylcystamine, tetramethylcystamine, tetraethylcystamine, cys- 
tine, and homocystine, can be reduced by a rat liver glutathione reductase 
system, provided glutathione is present. 

Under a variety of experimental conditions the initial rate of disulfide 
reduction was found to parallel the calculated initial concentration of oxi- 
dized glutathione in the reaction mixture, while it showed no relation to the 
concentration of the mixed disulfide. No evidence was found for the par- 
ticipation of other enzymes than glutathione reductase. On this basis it 
is concluded that the observed reduction of disulfides can be accounted for 
by a mechanism involving a two-step spontaneous thiol-disulfide exchange 
reaction (Reactions 3 and 4), coupled with the enzymatic reduction of oxi- 
dized glutathione (Reaction 5). It is also concluded that mixed disulfides 
containing glutathione cannot serve as substrates for glutathione reduc- 
tase. 
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ASSOCIATION OF SULFATE-S*® WITH SERUM 
PROTEINS IN THE RAT 


By DOMINIC D. DZIEWIATKOWSKI anno NICOLA DI FERRANTE 
(From The Rockefeller Institute for Medical Research, New York, New York) 


(Received for publication, November 2, 1956) 


After the intraperitoneal injection of sulfate-S*® into rats, some of the 
isotope was shown, by electrophoresis in starch blocks, to be associated with 
the serum globulins as well as with the serum albumins (1). Smith e¢ al. 
have extended the observations on rat sera by the use of filter paper electro- 
phoresis (2). Their results indicate that, 24 to 48 hours after intravenous 
injection of sulfate-S**, about 40 per cent of the activity in the serum is 
associated with a serum constituent which has the electrophoretic mobility 
of an a-globulin and which is stained intensely by fuchsin after pretreat- 
ment with periodic acid. They suggest that this S**-labeled serum con- 
stituent may be a protein with a sulfated carbohydrate as its prosthetic 
group. It is possible, however, that some of the S** is present in the serum 
proteins as cystine and methionine, for, after the oral administration of 
sodium sulfate-S**, cystine-S** and methionine-S* were isolated from the 
serum albumins of goats (3). 

The experiments described here show that a small fraction of a dose of 
S**, given as sulfate, can be recovered as cystine and methionine from the 
serum proteins of the rat. Most of the S*° associated with the serum pro- 
teins of rats, however, is bound as sulfate, which can be released upon acid 
hydrolysis. Some of the bound S* can be extracted from the proteins as 
part of a non-dialyzable moiety. Evidence for the association of S*® with 
the albumins and fibrinogen as well as with the a;-globulins is presented. 


EXPERIMENTAL 


Into each of twelve male rats of the Sherman strain, approximately 300 
gm. in body weight, 250 ue. of carrier-free S** as sodium sulfate in water 
were injected intraperitoneally.!. The rats, having been anesthetized with 
ether, were then killed in groups of three after intervals of 6, 24, 48, and 72 
hours. Blood was drawn directly from the heart and allowed to clot, and 
the serum was separated, pooled with like samples, and set aside at 0° 
until analyzed. 

The total S** concentration in the sera was determined by counting the 
activity of the barium sulfate precipitates isolated on filter paper disks 


1 The S** was obtained from the Oak Ridge National Laboratory on allocation from 
the United States Atomic Energy Commission. 
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after oxidation of 0.2 ml. portions of the sera with Denis’s reagent (4) as 
previously described (1). The S** concentration was similarly determined 
in all the samples mentioned, unless otherwise indicated. 

1 ml. portions of the sera were dialyzed against 25 ml. portions of water 
in rocking dialyzers (5) for 24 hours at 0°, and the S** in the dialysates and 
residues was determined. 

To 1 ml. portions of the sera, 9 ml. of a cold 5 per cent solution of tri- 
chloroacetic acid were added with stirring. The tubes were set aside at 
0° for 30 minutes and then centrifuged. The precipitates were resuspended 
in fresh 5 ml. portions of the 5 per cent solution of trichloroacetic acid and 
recentrifuged; this procedure was repeated. The washes were combined 
with the initial supernatant solution, and the whole was evaporated to 
dryness on a steam bath. S** was determined in the resultant residue and 
in the proteins precipitated by the trichloroacetic acid. 

3 ml. of 95 per cent ethanol were added to 1 ml. portions of the pooled 
sera. The precipitates were isolated 1 hour later by centrifugation and 
were then extracted two times with 3 ml. portions of 75 per cent ethanol 
in the centrifuge. The extracts were added to the supernatant solution 
obtained when the proteins were initially precipitated, and the solution was 
evaporated to dryness on a steam bath. S*5 was determined in the resultant 
residue and in the proteins precipitated by the ethanol. 

A 2 ml. portion of serum from each pool was subjected to electrophoresis 
in a starch block (6) for 6.5 hours at 600 volts. Barbital buffer, pH 8.6, 
0.1 4, was used with starch blocks approximately 1 cm. thick, 5 cm. wide, 
and 62cm. long. Under these conditions inorganic sulfate was separated 
from the proteins but was still present on the starch block (1). The starch 
was cut into segments approximately 1 cm. wide, each of which was ex- 
tracted with 2 ml. of a 1 per cent solution of sodium chloride. After re- 
moval of the starch by filtration through a sintered glass funnel, a 0.1 ml. 
aliquot of the filtrate was taken for the estimation of protein by a modified 
tyrosine method (7). The S** in a1 ml. portion of each filtrate was de- 
termined by delivery into a stainless steel planchet, by drying under an 
infrared lamp, and then by counting with a thin window Geiger-Miiller 
tube. 

Each of four adult male rats, weighing 300 to 350 gm., received by intra- 
peritoneal injection 500 uc. of carrier-free S*5 as sodium sulfate in water. 
The rats were killed in groups of two, 24 and 48 hours later. Approxi- 
mately one-half of each blood sample, when drawn, was delivered into a 
tube containing oxalate, andthe remainder was allowed toclot. Samples of 
plasma and serum from the rats killed at the same time were separately 
pooled, and 2 ml. portions from each pool were dialyzed in rocking dialyzers 
against 25 ml. portions of water at 0° for 24 hours. Electrophoresis of the 
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proteins in a starch block with barbital buffer of pH 8.6, 0.1 yu, followed. 
Starch blocks 22 cm. wide, 45 cm. long, and approximately 1 cm. thick 
were used, so that on one-half of the block the serum proteins and on the 
other half the plasma proteins from the same rats could be separated 
simultaneously. Separation was allowed to proceed for 48 hours at 0° 
and an applied potential difference of 300 volts. Each half of the starch 
block was cut into segments 1 cm. wide and each of these was then extracted 
with two portions of 5 ml. of a 1 per cent solution of sodium chloride. The 
protein was determined in 0.5 ml. portions of the filtrates (7), and the S* 
as follows: A 5 ml. portion of the filtrate was delivered into a 600 ml. 
Pyrex beaker which contained 5 ml. of a 0.05 N solution of sodium sulfate 
and 10 ml. of an 8 n solution of hydrochloric acid. The resultant solutions 
were evaporated to dryness on a steam bath, the residues were dissolved in 
250 ml. of water, and the sulfate was precipitated by the addition of 5 ml. 
of a 10 per cent solution of barium chloride. The volume was reduced to 
about 75 ml. by boiling, and the barium sulfate was isolated for counting 
24 hours later by filtration on to filter paper disks. 

Each of six adult rats, three males and three females, received intra- 
peritoneally 1250 uc. of carrier-free S** as sodium sulfate in water 24 hours 
before being killed. Approximately 3 ml. of each blood sample were 
delivered into a tube containing oxalate, and the remainder was allowed to 
clot. The S** was determined in 0.2 ml. portions of the whole blood. 
After centrifugation for 30 minutes at 3000 r.p.m., the packed cell volume 
was noted. Plasma or serum was separated from the cells or clot, re- 
spectively. S*5 was determined in the serum and plasma. 

The proteins in 0.01 ml. portions of the plasmas and sera were separated 
by electrophoresis on filter paper. Sheets of Whatman 3 MM paper, 26 
cm. wide and 54 cm. long, were used with barbital buffer of pH 8.6, 0.1 yu. 
The applied potential difference was 300 volts at 0° for 24 hours. After 
drying the paper in air, it was placed in contact with x-ray film for 2 
weeks. The x-ray film underwent routine development, and the paper was 
stained with tetrabromophenolsulfonphthalein (7). 

From the pooled sera, each of twelve 0.4 ml. portions was dialyzed against 
25 ml. of water at 0° for 4 hours in a rocking dialyzer (5). After the water 
was changed, dialysis was continued for 14 hours longer. At this time, in 
four of the dialyzers 25 ml. of 1 N hydrochloric acid solution replaced the 
water and 1 ml. of the acid solution was also added to the protein solution. 
In four other dialysis units, 1 N solution of sodium hydroxide similarly re- 
placed the water. In the remaining four units, the change was to fresh 
water. At the end of 4 hours, the acid, the alkali, and the water were 
replaced by fresh solutions, and dialysis was continued for an additional 
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20 hours. The S* in the dialysates and residues was determined after acid 
hydrolysis. 

To 2 ml. of the pooled sera 3 ml. of water were added and then, slowly 
with stirring, 5 ml. of a 10 per cent solution of trichloroacetic acid. 30 | 
minutes later the precipitated proteins were separated by centrifugation | 
and washed three times with 10 ml. portions of a 5 per cent solution of 
trichloroacetic acid. The proteins were then hydrolyzed by boiling under 
a reflux for 6 hours with 25 ml. of 6 N hydrochloric acid. The hydrolysate 
was decolorized with Darco G-60 charcoal and evaporated to dryness. 
The residue was dissolved in 3 ml. of water. A 2 ml. portion of the solution 
was placed on a 0.9 by 52 cm. long column of Dowex 50-X8 (H*), 200 to 
400 mesh. Elution with water and hydrochloric acid followed (8). The 
effluent solution was collected in 2 ml. fractions, of which 1 ml. was de- 
livered into a glass planchet. After drying under an infrared lamp the 
S*> was determined with a thin window Geiger-Miiller tube. 

A 4 ml. portion of the pooled sera was diluted with 21 ml. of water and 
electrodialyzed at 0°. Cellophane membranes and platinum foil electrodes 
were used. After 24 hours, electrodialysis was stopped, and the water in 
the end chambers was replaced by 500 ml. portions of 0.1 mM phosphate buf- 
fer of pH 7.5, and to the middle compartment 25 ml. of 0.2 m phosphate 
buffer of the same pH, containing 12.5 mg. of trypsin, were added. Incu- 
bation for 36 hours at 25-30° followed, while the buffer in the end compart- 
ments was being stirred with air. To the solution from the middle com- 
partment, 50 ml. of a 10 per cent solution of trichloroacetic acid were added 
slowly with stirring. 30 minutes later insoluble material was removed by 
centrifugation and washed twice in the centrifuge with 100 ml. portions of 
a 5 per cent solution of trichloroacetic acid. The combined supernatant 
fluids were diluted to 400 ml. with water. S*® was determined in 10 ml. 
aliquots after acid hydrolysis. The remainder of the solution was electro- 
dialyzed and then evaporated to dryness in a flash evaporator. The resi- 
due was dissolved in 10 ml. of water, and the concentrations of S**, glu- 
curonic acid (9), and hexosamines (10) therein were determined. 

The protein precipitated by trichloroacetic acid after treatment with 
trypsin was dissolved in 50 ml. of a 2 per cent solution of sodium hydroxide 
and the S** was determined with 5 ml. aliquots. 

Two adult rats each received 1500 ye. of carrier-free S** as sodium sul- 
fate in water. They were killed 20 hours later. Blood was drawn into 
tubes containing oxalate. After the plasma was separated from the cells, 
the buffy layer of cells was transferred to a Shevky-Stafford tube contain- 
ing 5 ml. of a 1 per cent solution of sodium chloride. After centrifugation, 
the saline solution was discarded and the cells were transferred again to a 
Shevky-Stafford tube which contained 5 ml. of the saline solution. Centrif- 
ugation and washing were repeated four more times. Finally the total 


| 


D. D. DZIEWIATKOWSKI AND N. DI FERRANTE 3ol 


volume of cells and the volume of white cells were noted. The concentra- 
tion of S** in the sample of cells was determined. Samples of red cells were 
similarly washed and analyzed for S*®. 


RESULTS AND DISCUSSION 


From the data presented in Fig. 1, it can be seen that, as the concentra- 
tion of S*5, given as sodium sulfate, decreases precipitously in the rat serum, 
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Fig. 1. The fraction of total S*5 associated with proteins of rat serum after inter- 
vals of time subsequent to the intraperitoneal injection of sodium sulfate-S*5. The 
results were obtained (1) with electrophoresis in a starch block for 6.5 hours at an 
applied potential difference of 600 volts, (2) with equilibrium dialysis against water, 
(3) by precipitation of the proteins with 5 per cent trichloroacetic acid, (4) by precipi- 
tation of the proteins at an ethanol concentration of 75 per cent. The change in the 
concentration of S*5 in rat serum with time is shown in Curve 5. The sera were 
from adult rats, each of which had received 250 uc. of sulfate-S*5. 


an increasing fraction of the remaining isotope is associated with the serum 
proteins. Approximately similar values for this fraction are obtained 
whether one uses electrophoresis in starch blocks, dialysis against water, 
precipitation of the proteins by trichloroacetic acid, or precipitation by 
ethanol. 

In order to ascertain whether the S** was associated with one or more of 
the protein components in the serum and plasma of rats, the protein com- 
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ponents were separated by extended electrophoresis on starch blocks and 
on filter paper. A typical electrophoretic pattern of the serum proteins 
as separated in a starch block is shown in Fig. 2, b. By comparing this 
pattern with the pattern of S** concentrations in the starch block (Fig. 
2, a), it is seen that most of the isotope is associated with the protein or 
proteins which move as does a;-globulin. This observation is in accord 
with the findings of Smith et al. (2), based on electrophoresis of rat sera on 
filter paper. A significant amount of the S* is, however, also associated 
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Fic. 2. Electrophoretic patterns of adult rat serum 48 hours after the intraperi- 
toneal injection of sodium sulfate-S**. The separation was effected in barbital buffer, 
pH 8.6, 0.1 uw, in a starch block at an applied potential difference of 300 volts for 48 
hours. The §*5 (a) and protein (b) contents in 1 cm. wide segments were determined 
as detailed in the text. 


with the albumin fraction, and small amounts with the globulins other than 
the a;-globulin. With the exception that slightly more activity was found 
in the region of the y-globulins when plasma was used, the electrophoretic 
analyses of plasma gave results similar to those obtained with serum. 

The electrophoretic separation of the proteins of rat sera and plasmas on 
filter paper is shown in Fig. 3, A, and the autoradiograms of the paper 
before staining in Fig. 3, B. Here again it is seen that S* is associated 
mostly with the albumins and the a;-globulins. A less intense reaction is 
also given by regions of the paper to which the other globulins have mi- 
grated. Of particular interest is the indication on the autoradiograms that 
in the region occupied by the y-globulins there is a rather irregular and 
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stronger reaction when plasma is used instead of serum. ‘This may be due 
to the presence in rat fibrinogen, as in bovine fibrinogen, of tyrosiny]-O- 
sulfate radicals (11). 

Having established that S* associates with the serum and plasma pro- 
teins of rats after the administration of S*°-labeled sulfate, it was of interest 
to determine whether any of the S*®* was present in the proteins as cystine 
and methionine. Chromatography of a hydrolysate of serum proteins 
on Dowex 50 showed that, of the total S** associated with the proteins 


Fig. 3. Klectrophoretic patterns of serum (S) and plasma (P) proteins on filter 
paper, A, and the autoradiograms of the protein patterns produced on x-ray film, B, 
before the paper was stained with tetrabromophenolsulfonphthalein. The sera and 
plasmas were from rats that had received intraperitoneally 1250 we. of S*° as sodium 
sulfate 24 hours previously. It can be seen that S®° was present in the positions to 
which the albumins and a,-globulins had migrated. In the positions oeeupied by the 
other globulins, small amounts of S* were also present. 0.267. 


24 hours after injection of the S*°-labeled sulfate, 5.1 per cent was present 
as cystine and methionine sulfur. The remainder of the S*° was eluted 
from the column of resin as inorganic sulfate. These observations are in 
accord with reports (12-14) that only an exceedingly small, sometimes 
undetectable, fraction of a dose of sulfate-sulfur can be recovered trom rat 
tissues as cystine and methionine sulfur. 

Carbohydrate-protein complexes have been isolated from human plasma 
(15-17), and the suggestion that they contain labile sulfate groups (15, 16) 
is substantiated in part by the recent isolation of chondroitin sulfate from 
ormal human plasma (18). Therefore, it was not surprising that, after 
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the elimination of most of the proteins from 4 ml. of rat serum by tryptic 
digestion, precipitation with trichloroacetic acid, and electrodialysis, 30.6 


1 
80) 
os 
—— H20 
40+ 
2 9 
20/- 
L 


10 20 30 40 50 
Duration of dialysis in hours 


Fic. 4. Effect of the substitution of 1 x hydrochloric acid and 1 N sodium hydrox- 
ide solutions for water on the recovery of 8*° in dialysates of rat serum. From a pool 
of sera, obtained from rats 24 hours after each animal received intraperitoneally 1250 
uc. of S* as sodium sulfate, 0.4 ml. samples were dialyzed against 25 ml. portions of 
water at O°. The water was changed periodically. After 18 hours some of the sam- 
ples were dialyzed against acid or alkali at O°. ach point is the average value on 
four samples. 


TABLE I 


S*> in Blood, Plasma, and Serum of Adult Rats 24 Hours after 
Intraperitoneal Injection of Sulfate-S** 


Kach rat received 1250 we. of carrier-free S* as sodium sulfate in water. 


Rat No Body weight Blood Plasma Serum Cells* 
gm. c.p.m. per ml. c. p.m. per mi. c.p.m. perml. c.p.m. per mil. 
1 270 11,220 29,460 20 2,980 
2 281 11,100 18,465 19,095 3,736 
3 310 12,685 20,855 20 , 420 4,516 
4 250 16,445 30,240 29 525 2,650 
22s 24,560 41,605 44,000 7,516 
6 | 222 27 , 550 37,520 41,605 17,580 


* The packed cell volume was found to represent 47 to 52 per cent of the total 


blood volume. 


The concentration of S** in the cells was calculated with 50 per cent 


as an average value for the packed cell volume: ((S** in I ml. blood) — $(8** in 1 ml. 
plasma)) X 2 = S* in 1 ml. cells. 


per cent of the S*® originally associated with the proteins was recovered in 
solution with 80 y of glucuronic acid and 1940 y of hexosamine. 


l 
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Apparently the sulfate which goes along with the serum proteins is 
strongly bound. It is not removed by dialysis against changes of water at 
0° for up to 42 hours, or by electrophoresis in starch blocks at pH 8.6 and 
0° for 48 hours when the applied potential difference is 300 volts. Values 
for bound §* similar to those obtained by the two techniques just men- 
tioned were obtained also when the proteins were precipitated by a concen- 
tration of 75 per cent ethanol or 5 per cent trichloroacetic acid (Fig. 1). 
It was found, however, that at 0°, when sera were dialyzed against 1 N 
hydrochloric acid solutions or 1 N sodium hydroxide solutions, more sulfate 
could be recovered in the dialysates than when dialysis was against water 
(Fig. 4). The additional amounts of sulfate thus recovered were approxi- 
mately the same whether sera were dialyzed against the acidic or alkaline 
solutions. 


TABLE II 


S*5 in Blood, Plasma, Red Cells, and White Cells of Adult Male Rats 
20 Hours after Intraperitoneal Injection of Sulfate-S** 


Each rat received 1500 we. of carrier-free S*5 as sodium sulfate in water. 


Rat No. Body weight Blood Plasma Red cells White cells* 
gm. c.p.m. per ml. c.p.m. per ml. c.p.m. per ml. c.p.m. per ml. 

7 263 114,850 174,000 50 , 800 66 , 700 

8 345 69 , 500 91,750 25,300 53 , 800 


* Calculated after subtraction of the activity associated with the red cells which 
were present in the sample analyzed. 


From the data in Table I it is evident that the concentration of S** in the 
plasma does not differ significantly from that in the serum. Calculations 
based on the concentration of S** in whole blood and in plasma suggest 
that a significant amount of the isotope was present also in the cells. The 
white cells apparently take up more of the S** in 20 hours than do the red 
cells (Table II) as reported also by Odell et al. (19). 


SUMMARY 


After the intraperitoneal injection of sodium sulfate-S** into rats, as the 
concentration of S** in the sera decreased an increasing fraction of the re- 
maining isotope was associated with the serum proteins. 

Electrophoretic analysis of sera showed that most of the S** was asso- 
ciated with the a;-globulins and the albumins. When plasma was used, 
it was also seen that S*5 was associated with fibrinogen. 

Chromatography on Dowex 50 resin of hydrolysates of proteins from sera, 
removed 24 hours after injection of sulfate-S**, revealed that about 5 per 
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cent of the isotope associated with the proteins was present as cystine and 
methionine and the remainder as sulfate. 

After tryptic digestion and precipitation of undigested proteins with 
trichloroacetic acid, about 30 per cent of the S* originally associated with 
the serum proteins was recovered as part of a non-dialyzable component. [| 
Glucuronic acid and hexosamine were also present in this solution. 
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A MICROMODIFICATION OF THE SMITH AND ROE METHOD 
FOR THE DETERMINATION OF AMYLASE 
IN BODY FLUIDS 


By BENJAMIN W. SMITH anv JOSEPH H. ROE 


(From the Department of Biochemistry, School of Medicine, George Washington 
University, Washington, D. C.) 


(Received for publication, February 6, 1957) 


The procedure developed by Smith and Roe (1) for the determination of 
amylase in body fluids, in which the starch-iodine color reaction is utilized, 
is limited for clinical and experimental purposes by the size of the sample 
required, which is 2 ml. This procedure also uses a large volume of water, 
500 ml., in the color development, which is inconvenient and not economical. 
In the following micromodification, the quantity of the sample analyzed 
is reduced to 0.2 ml., and the volume of water used for diluting the color 
is decreased to 200 ml. The method is greatly simplified and the speed 
and accuracy of the original procedure are retained. 

Reagents—1. Phosphate buffer-sodium chloride solution. A 0.06 m 
phosphate buffer solution, pH 7.2, which is 0.05 m in sodium chloride, is 
prepared as follows: 2.922 gm. of sodium chloride, 6.135 gm. of anhydrous 
disodium hydrogen phosphate, and 2.286 gm. of anhydrous potassium 
dihydrogen phosphate are dissolved in distilled water in a liter flask and 
the volume is made up to 1 liter. 

2. Substrate solution. A 0.3 per cent suspension of soluble starch in the 
phosphate buffer-sodium chloride reagent is made up at the time of use. 
300 mg. of Lintner soluble starch (Merck) are weighed accurately and 
suspended in about 10 ml. of cold phosphate buffer-sodium chloride solu- 
tion in a 100 ml. volumetric flask, which is agitated until all of the starch 
is brought into a homogeneous suspension. ‘The suspension is made up to 
volume with boiling phosphate buffer-sodium chloride reagent and mixed, 
and the flask is placed in a boiling water bath for 3 minutes. The starch 
mixture is transferred to a 125 ml. Erlenmeyer flask to facilitate mixing and 
pipetting, and this flask is placed in the water bath and allowed to cool 
to about 90°. The starch suspension is maintained at constant tempera- 
ture during pipetting. 

Starch solutions prepared in this manner will keep in the refrigerator for 
a period of 2 weeks with no greater than a 10 per cent loss in the suscepti- 
bility of the substrate to hydrolysis by amylase. When using the refriger- 
ated substrate, mix thoroughly and pour slightly more than will be used 
into a large test tube. Place the tube in a boiling water bath for 3 minutes, 

357 


ad 
| 
t. 
2). 
79 
st., 


308 DETERMINATION OF AMYLASE IN BODY FLUIDS 


allow the bath and substrate to cool to 90°, and maintain at a constant 
temperature, as before, while pipetting. 

3. N hydrochloric acid. 

4. Iodine reagent. 18 gm. of potassium iodide and 1.8 gm. of iodine are 
dissolved in distilled water in a liter flask and the solution is made up to 
volume. 


Procedure 


2 ml. of the substrate solution are pipetted into each of two 15 & 125 
mm. rimmed test tubes and placed in a water bath at 37° until temperature 
equilibration is reached. 0.1 ml. of whole blood, serum, plasma, or urine 
is added to one tube. The second tube is retained as a control, and both 
tubes are incubated for one-half hour. At the end of the incubation period, 
the contents of the tubes are poured into labeled 200 ml. volumetric flasks 
containing about 100 ml. of distilled water and 3 ml. of N HCl. The tubes 
are rinsed four times with distilled water and the washings are added to the 
flasks. 0.1 ml. of the sample being analyzed (whole blood, serum, plasma, 
or urine) is added to the control flask and 1 ml. of iodine reagent is added 
to each flask. The flasks are made up to volume and mixed thoroughly. 
After 15 minutes, the colored solutions are compared in a photoelectric 


colorimeter at 620 my, distilled water being used to set the instrument at © 
zero absorbance. The control flask gives the starch-iodine color value | 


without amylase action and the digest flask gives the value remaining after 
amylase action. 

Calculations—If D = optical density, then ((D of control) — (D of di- 
gest)/D of control) X 6 = mg. of starch hydrolyzed. The amylase unit 
is defined as the amount of enzyme that, under the conditions of this 
procedure, will hydrolyze 10 mg. of starch in 30 minutes to a stage at which 
no color is given with iodine. 

For whole blood, plasma, serum, or urine, the calculation then becomes 
((D of control) — (D of digest)/D of control) X 6/10 * 100/0.1 = amylase 
units per 100 ml. 

When High Values Are Obtained—If the experimental tube gives an 
optical density between 0.1 and 0.02 (80 to 95 per cent transmittance), 
dilute the sample being analyzed 1:1 with saline; for optical densities less 
than 0.02 (above 95 per cent transmittance), dilute 1:4 with saline and 
repeat the test. 

Comparison with Original and Somogyi Methods—Serum amylase values 
were determined on fifteen fasted human subjects by the proposed micro- 


method and by the original Smith and Roe procedure. The values (Table | 


I) are averages for three determinations. It was found that the micro- 
procedure gave higher results than the macromethod, by a ratio of 1.21:1.0. 
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In the original report (1), comparative analyses upon normal subjects, 
with the method published and the Somogyi method (2), showed that the 
values obtained by the Somogyi method are 10 per cent higher than those 
obtained by Smith and Roe. Since the micromodification, as shown in 
Table I, gave results that are 21 per cent higher than those obtained by 
the macromethod, it follows that the proposed microprocedure gives values 
approximately 10 per cent higher than would be obtained by the Somogyi 
method. For practical purposes, the results by the proposed micro- 


TABLE lI 


Comparison of Serum Amylase Levels by Smith-Roe Procedure and 
by Proposed Micromodtfication 


| Proposed Micro 
micromodification Macro 


Subject No. Original method 


units per 100 ml. units per 100 ml. 


| 

1 38 46 | 1.21 
2 48 | 57 } 1.19 
3 58 | 73 | 1.25 
4 53 | 60 | 1.13 
5 75 : 86 1.15 
6 58 | 67 1.15 
7 59 | 65 1.10 
8 46 | 58 1.26 
9 69 85 | 1.23 
10 59 74 | 1.25 
11 81 96 | 1.19 
12 44 55 1.25 
13 56 71 1.27 
14 50 63 1.26 
15 60 74 1.23 
ss | 57 69 1.21 


— 


procedure may be considered as essentially comparable to the data obtained 
by the Somogyi method (2). 

The variation in results obtained by the micro- and the macroprocedures 
was found to be due to a variation in the method of preparation of the 
starch substrate. The concentration at which the starch was originally 
prepared was the determining factor in the amylase activity of a given 
serum sample. Table II shows the amylase values by the proposed method 
obtained with starch solutions prepared in concentrations of 1.2 and 0.3 
per cent and in varying final dilutions. The amount of starch present was 
the same (6 mg.) in each digestion mixture. The results show that dilution 
of a previously prepared substrate, made at the time of the analysis, had 
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no effect, but the concentration at which the starch was originally prepared 
had a marked effect. The starch heated in a suspension of lower concen- 
tration was considerably more susceptible to amylase action. 

Substrate Studies—In view of the great advantage to the clinical labora- 
tory of having a substrate that may be kept in the refrigerator for considera- 
ble periods of time and used as needed, studies were carried out on the 
keeping qualities of a number of starch preparations. An entirely satis- 
factory preparation was not found. The preparations tested included the 
starch-phosphate buffer-NaCl solution reported herein, the same solution 
containing 10 per cent glycerol, the same solution containing 10 per cent 
glycerol and saturated with thymol as a preservative, and a solution in 
which phosphate buffer was replaced by a tris(hydroxymethyl)amino- 


TaBLeE II 
Serum Amylase Values at Varying Substrate Concentrations 
Determination No. 
Substrate Average 
1 2 3 
| oa le units per 100 units per 100 units per 100| units per 100 
| : ‘ | ml. serum ml. serum ml. serum ml. serum 
1.2% starch | 0.5 l 77 74 77 76 
2 77 7 80 78 
0.3% | 2 91 91 91 91 
0.3% “* | 3 4 91 92 94 92 


methane (Tris) buffer, pH 7.2, prepared according to Gomori (3). Sub- 
strates were prepared and kept in the refrigerator until time for use. 

The results shown in Table III are typical of all the solutions tested. 
Some precipitation of starch occurred in all solutions in 2 weeks, and exten- 
sive precipitation with considerable loss in susceptibility to enzyme action 
took place in 3 weeks. The decreased susceptibility to enzyme action 
during the first 24 hours was not accompanied by any apparent changes in 
the appearance of the solution, but there was a slight decrease in the capac- 
ity of the starch to produce a blue color with iodine. This decrease in the 
intensity of color produced with iodine became progressively greater with 
time. | 

In these studies Tris buffer gave results identical to those obtained with 
phosphate buffer, within experimental error. The former reagent can, 
therefore, serve as a substitute for the phosphate buffer in the determina- 
tion of amylase, if it is desired to limit the concentration of phosphate. 

An attempt was made to remove the material precipitated from the sub- 
strate mixtures by filtration previous to refrigeration. Six different grades 
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ared | of filter paper and three different porosities of sintered glass filters were 
cen- | used. Filtration removed some of the starch, as evidenced by the de- 
ore. TABLE III 
era- | Studies on Keeping Qualities of Starch Preparations 
the ) Action of urinary amylase on the proposed substrate kept in the refrigerator for 

; varying periods of time. Human urine, diluted 1:4 with distilled water, served as 
| the source of enzyme. 
the 
tion Units per 100 ml. when pipetted 
; Time in refrigerator Precipitation of substrate 
ent Hot Cold 
in 0- hrs. 
0 150 None 
24 138 129 ” 
wks. 
1 136 127 
2 135 122 Some 
e 3 110 98 Extensive 
100 TABLE IV 
‘3 Distribution of Serum Amylase Values of 122 Fasted and 62 Non-Fasted Subjects 
Amylase value No. of fasted subjects No. of non-fasted subjects 
units per 100 ml. 
Ee 10- 20 1 1 
20- 30 6 1 
ub- 30- 40 9 0 
40- 50 27 3 
ed 50- 60 14 8 
60- 70 23 17 
aail 70- 80 22 12 
lon 80- 90 8 5 
ion 90-100 1 7 
100-110 5 4 
wi 110-120 4 2 
h 120-130 1 0 
we 130-140 1 2 
ith 
ith 
41, _| creased intensity of color produced with iodine, but had no effect on the 
1a- | subsequent precipitation of the substrate or its susceptibility to enzyme 
action. 
“ Normal Serum Amylase Value—Before the micromodification reported 
©S | in this paper was developed, analyses were made with the regular proce- 
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dure (1) designed to establish the range of normal serum amylase values of 
human subjects. The individuals tested were medical and graduate stu- 
dents between the ages of 18 and 36 years, who were apparently in good 
health. The groups included 122 subjects who were fasted overnight and 
62 subjects who were not fasted. The results are shown in Table IV. 

The serum amylase values of the fasted group ranged between 19.8 and 
134 units per 100 ml., with a mean of 62.2 units; the standard deviation 
was +22.99 and the standard error of the mean was +2.07. The range of 
values for the non-fasted subjects was 18.9 to 136.6 units per 100 ml. The 
mean value of this group was 74.3 units, with a standard deviation of 
+22.39 and a standard error of the mean of +2.84. Statistical analysis 
of these data showed a significant difference (P <0.01) between the fasted 
and the non-fasted groups. 

The highest values observed in the fasted and non-fasted groups were 
134 and 137 units per 100 ml., respectively. If the micromodification had 
been used, the highest normal values would have been 162 and 165 units 
per 100 ml. for the fasted and non-fasted groups, respectively, calculated 
with the conversion factor of 1.21 mentioned above. 


SUMMARY 


1. A micromodification of the Smith and Roe method for the determina- 
tion of amylase in body fluids has been developed. The method has been 
simplified and the speed and accuracy of the original procedure have been 
retained. 

2. This procedure gives values 21 per cent higher than the original 
method. The differences in the results obtained by the two methods are 
due to a variation in the concentration of starch used at the time of prep- 
aration of the substrate. Dilution of the starch suspension after the sub- 
strate had been prepared had no effect on the activity of the enzyme. 

3. The range of serum amylase values of normal human subjects by the 
original Smith and Roe procedure, per 100 ml., was found to be 19.8 to 
134 units for 122 fasted subjects and 18.9 to 136.6 units for 62 non-fasted 
individuals. 
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THE BIOSYNTHESIS OF 6-HYDROXY-p- 
METHYLGLUTARIC ACID* 


By HARRY RUDNEYt 


(From the Department of Biochemistry, School of Medicine, 
Western Reserve University, Cleveland, Ohio) 


(Received for publication, January 24, 1957) 


Previous work has shown that animal and plant tissues are able to syn- 
thesize branched chain fatty acids such as 8-hydroxy-8-methylglutaric 
acid,! B-hydroxyisovaleric acid, and 8,8-dimethylacrylic acid from smaller 
precursors such as acetic acid (1-7). This synthetic pathway appears to 
involve the following reactions wherein it is assumed that all the acids are 
activated as acyl CoA derivatives. 


() 


(1) 2CH;—COOH CH;—C—CH.—COOH 


Acetic acid acetoacetic acid 


OH 
(2) CH;—C—CH.—COOH + CH;—COOH — CH,;—C—CH.—COOH 


CH,—COOH 


Acetoacetic acid acetic acid 8-hydroxy-8-methylglutaric 
acid 


OH CH; OH 
| 
(3) CH;—C—CH.—COOH —-> C—CH.,—COOH + CO. 


| 
CH.—COOH CH, 


8-Hydroxy-8-methylglutaric 8-hydroxyisovaleric 
acid acid 


* This investigation was supported in part by grants from the Life Insurance 
Medical Research Fund, the American Cancer Society, and the Elisabeth Severance 
Prentiss Fund of Western Reserve University. A preliminary report of this work 
has appeared (Federation Proc., 15, 342 (1956)). The C'* used in this work was ob- 
tained on allocation from the Atomic Energy Commission. 

t Scholar in Cancer Research of the American Cancer Society. 

1 The following abbreviations are used: 8-hydroxy-8-methylglutaric acid, HMQG; 
coenzyme A, CoA; reduced coenzyme A, CoA SH; acetyl coenzyme A, Ac CoA; aceto- 
acetyl coenzyme A, AcAc CoA; adenosine triphosphate, ATP; 8-hydroxy-8-methyl- 
glutaryl coenzyme A, HMG CoA. 
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CH; OH CH; 
4. 
(4) C—CH.—COOH C=CH—COOH + 
CH; CH; 
8-Hydroxyisovaleric 8,8-dimethylacrylic 
acid acid 


The distribution of in HMG, g-hydroxyisovaleric, and  ,8-dimethyl- 
acrylic acids observed when C4%H;COOH was incubated with cell-free rat 
liver preparations is in agreement with the foregoing sequence of reactions. 
These activated branched chain fatty acids or closely related derivatives 
thereof appear to be precursors in the synthesis of cholesterol, since the 
pattern of labeling found in the branched chain fatty acids closely resembles 
that found in squalene (8) and cholesterol (9, 10). Reactions 2, 3, and 4 
have been studied in the reverse direction by Bachhawat et al. (11). These 
workers found that the formation of acetoacetate and acetyl CoA from 
dimethylacrylyl CoA involved an obligatory hydration with crotonase 
followed by an ATP-requiring COs, fixation to form HMG CoA. This 
was split by an HMG CoA cleavage enzyme to acetyl CoA and free aceto- 
acetic acid (12). The reverse of the cleavage reaction did not appear to 
take place readily. 


It has hitherto been uncertain as to whether acetyl CoA condensed with : 


free acetoacetate or with AcAc CoA in the primary condensation reaction © 


leading to branched chain fatty acid synthesis (Reaction 2). In this 
paper evidence is presented that acetyl CoA and AcAc CoA are the react- 
ing moieties in the formation of HMG. Studies on the cellular distribu- 
tion of the enzyme show that the enzyme system is located chiefly in the 
microsomes. The enzyme catalyzing the formation of HMG from acetyl 
CoA and AcAc CoA has been designated the HMG-condensing enzyme to 
distinguish it from the well known condensing enzyme catalyzing the for- 
mation of citric acid (13).? 


Methods and Materials 


Preparation and Fractionation of Rat Liver Homogenate—aAll operations 
were carried out at 4° unless otherwise indicated. Freshly removed rat 
livers were finely minced for 30 seconds with four razor blades set 6 mm. 
apart in an aluminum block. 2 ml. of medium as prepared by Rabinowitz 
and Gurin (6) were added per gm. of liver and the suspension was homoge- 
nized for 45 seconds in a loose fitting homogenizer (a Teflon pestle having 


2 The crystalline citrate-condensing enzyme is inactive with acetyl CoA and aceto- 
acetyl CoA as substrates as measured optically by the disappearance of acetyl CoA 
thio ester absorption at 240 my and the enolate absorption of acetoacetyl CoA at 310 
mu (personal communication from Dr. J. R. Stern). 


an 
of 
| wa 
we 
we 
ult 
in 
mc 
sta 
at 
ex 
det 
it 
| we 
pac 
wit 
Ra 
sec 
cel 
mi 
wa 
ce 
th 
wa 
nlz 
5 
sol 
Wi 
40( 
anc 
pe 
wa 
ina 
dia 
fur 
of 
| I 
wel 


H. RUDNEY 365 


an outside diameter of 25 mm. and a glass mortar with an inside diameter 
of 27 mm.). When 200 ml. of homogenate were collected, the cell debris 
was removed by centrifugation at 100 X g for 10 minutes. Mitochondria 
were removed by centrifugation at 5000 X g for 30 minutes. Microsomes 
were obtained by centrifugation at 100,000 X g in a Spinco preparative 
ultracentrifuge for 30 minutes. The supernatant solution is referred to 
in the text as the supernatant fraction. The microsomal pellet was ho- 
mogenized for 30 seconds with 2 volumes of 10~* m Versene and allowed to 
stand at 0° for 5 minutes, then centrifuged at 100,000 X g for 30 minutes, 
and the supernatant solution is referred to in the text as the microsomal 
extract. The microsomal extract could be lyophilized and the dried pow- 
der would remain stable for 1 to 2 weeks when stored at — 15° after which 
it gradually lost enzymatic activity. 

Preparation of HMG-Condensing Enzyme from Beef Liver—All operations 
were at 4°. A beef liver obtained directly from the slaughterhouse was 
packed in ice and processed as quickly as possible. The liver was ground 
with a meat grinder to a fine paste. 100 gm. of liver paste and 200 ml. of 
Rabinowitz-Gurin medium were homogenized in a Waring blendor for 30 
seconds at one-third the normal line voltage. The homogenate was 
centrifuged in 1 liter buckets in an International PR-2 centrifuge for 10 
minutes at 2000 r.p.m. to remove cell debris. The supernatant solution 
was centrifuged at 5000 X g for 30 minutes to remove mitochondria. The 
resultant supernatant fluid was centrifuged in a Spinco preparative ultra- 
centrifuge for 30 minutes at 50,000 * g to obtain microsomes. The micro- 
somal pellet was suspended in Rabinowitz-Gurin medium equal to one-half 
the original homogenate volume and recentrifuged at 50,000 X g. The 
washed microsomal pellet was homogenized in a Potter-Elvehjem homoge- 
nizer for 1 minute with 5 volumes of 10-* m Versene. After standing for 
5 minutes it was centrifuged at 50,000 * g for 3 hour. The supernatant 
solution was lyophilized and could be stored at —15° for 1 to 2 weeks 
without any loss of activity. 

The lyophilized preparation was purified about 10-fold further as follows: 
400 mg. of powder in 10 ml. of HO were brought to pH 5.0 with acetic acid 
and the precipitate was discarded. Ammonium sulfate was added to 45 
per cent saturation (calculated on saturation at 25°) and the precipitate 
was dialyzed against 10-* m Versene for 3 hours. During the dialysis some 
inactive protein precipitated from solution and this was removed. The 
dialyzed solution could be kept frozen for 1 week without loss of activity. 
It steadily lost activity thereafter. This preparation could be purified 
further by adsorption of inactive protein on calcium phosphate gel (2 mg. 
of gel per 25 mg. of protein). 

Preparation of Cell-Free Yeast Extract—27 gm. of Red Star bakers’ yeast 
were suspended in 48 ml. of 2.5 & 10-* mM potassium phosphate buffer, 
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pH 6.75, at 0°. The cells were disintegrated with a Nossal shaking ap- 
paratus (14). Two shaking periods of 15 seconds were used in conjunction 
with 5 ml. of No. 12 Ballotini beads (obtained from the Minnesota Mining 
and Manufacturing Company). Cell debris and beads were removed by 
centrifugation at 20,000  g for 10 minutes. The supernatant solution 
was then centrifuged in a Spinco ultracentrifuge for 30 minutes at 105,000 
x g. The resultant supernatant solution was used as the condensing 
enzyme. It retained its activity for 1 week when stored at —15°. The 
105,000 X g pellet also exhibited condensing enzyme activity. It is possi- 
ble that in the intact yeast cell all of the HMG synthesis occurs in these 
particles and that the activity seen in the supernatant solution results 
from damage to the particles. Klein and Booher (15) have found that most 
of the sterol synthesis in yeast is localized in these particles. 

Preparation of Substrates and Materials—CoA was a commercial prep- 
aration from the Pabst Laboratories. Acetyl CoA was prepared from 
acetic anhydride by the general method of Simon and Shemin (16); acetic- 
C™ anhydride was obtained from commercial sources. AcAc CoA was 
prepared from diketene by the method of Wieland and Rueff (17). Acetyl 
and acetoacetyl derivatives of pantetheine were prepared in a similar man- 
ner. The pantetheine obtained commercially (Nutritional Biochemicals 
Corporation) was reduced by sodium borohydride. 

Acetoacetate-3-C' was prepared by the method of Curran (18). HMG 
was prepared by the method of Adams and Van Duren (19) and 6-hydroxy- 
isovaleric acid as the Ag salt by the procedure of Kohn (20). Potassium 
acetoacetate was prepared by incubating redistilled ethyl acetoacetate with 
an equivalent amount of 1 nN KOH for 24 hours at 4° and titrating to 
neutrality, followed by lyophilization. Water was then added to bring to 
a 1.0 mM concentration and the solution was stored at —15°. 

Enzymatic Assay—The labeled substrates were incubated with the 
enzyme preparations and additions as described in the footnotes to Tables 
I to VI; then 6 N KOH was added to a final concentration of 0.2 N and the 
mixture was allowed to stand for 30 minutes at room temperature to 
hydrolyze acyl CoA derivatives. Since these intermediates occur in 
amounts too small to be measured and isolated by ordinary procedures, 
100 umoles of HMG and 200 umoles of 6-hydroxyisovaleric acid or 8-hy- 
droxybutyric acid were added as carrier; the mixture was acidified to Congo 
red with H2SO,, taken up in Celite (2 gm. of Celite per ml. of mixture), and 
continuously extracted with ether for 4 to 6 hours. After removal of the 


ether the extract was acidified to Congo red with 1 nN H.SO,. 2 mmoles of | 


acetic acid were added and the solution was steam-distilled to 10 times the 
original volume. The distillate contained labeled acetic acid and other 
steam-volatile acids. Acetoacetic acid is destroyed by this procedure. 
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The residue which contained HMG, §-hydroxyisovaleric acid, 6-hydroxy- 
butyric acid, and 6-methylglutaconic acid was placed on a Dowex 1 for- 
mate column (1.1 X 13.0 cm.) and eluted with 0.1 N formic acid. The 
fraction from 30 to 90 ml. contained 6-hydroxybutyrate, and 6-hydroxy- 
isovalerate, and was saved for further purification. HMG was invariably 
obtained in the fraction from 265 to 415 ml. in yields ranging from 50 to 
75 per cent. The fraction containing HMG was evaporated to dryness 
under an infrared lamp with care taken not to exceed 80°. After evapora- 
tion a colorless syrup of HMG was obtained which crystallized readily in 
small rosettes. The HMG was titrated with KOH and aliquots containing 
§ umoles of the dipotassium salt were placed on stainless steel planchets 
and evaporated; the radioactivity was counted in a gas flow counter. The 
specific activity in counts per minute per micromole was multiplied by the 
number of micromoles of carrier added to obtain total activity. 

The fraction containing 6-hydroxybutyrate and $-hydroxyisovalerate 
was steam-distilled to remove formate and titrated to neutrality with KOH. 
The K salts were evaporated to dryness, taken up in 0.6 ml. of 3 N H2SO,, 
mixed thoroughly with 1 to 2 gm. of Celite No. 535, and packed on a 
column 2.0 cm. in diameter consisting of 20 gm. of Celite No. 535 thoroughly 
mixed with 10.0 ml. of 0.2 N H.SO,. Elution was carried out in the fol- 
lowing sequence with solvents equilibrated with 0.2 Nn H.SO,. First 200 
ml. of 100 per cent chloroform were passed through, followed by 95 per 
cent chloroform and 5 per cent butanol. 6-Hydroxyisovalerate was ob- 
tained in the fraction from 30 to 80 ml. with the second solvent and £- 
hydroxybutyrate in the fraction from 200 to 300 ml. The amount of these 
acids was readily determined by titration with brom thymol blue as indi- 
cator. 8 umoles of the potassium salts were evaporated in planchets and 
the radioactivity was measured in a gas flow counter. Total activity was 
calculated in the same manner as that for HMG. Proteins were deter- 
mined by the biuret procedure (21) and the Folin phenol reagent (22). 


RESULTS AND DISCUSSION 


Incorporation of Labeled Acetate into HMG, B-Hydroxyisovalerate, and 
8-Hydroxybutyrate in Various Intracellular Fractions—The incorporation 
of labeled acetate in HMG, 6-hydroxyisovalerate, and 6-hydroxybutyrate 
was determined in various cellular fractions prepared as described. The 
results of representative experiments are shown in Table I. It will be 
noted that the whole homogenate of rat liver after removal of cell nuclei 
and debris converts a large part of the labeled acetate to 6-hydroxybutyrate. 
Similar results were obtained by Katz and Chaikoff (23) with liver slices. 
The supernatant fraction devoid of particulate matter is also able to incor- 
porate acetate into the three acids tested, but more acetate accumulates 
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as HMG and £-hydroxyisovalerate and less as 6-hydroxybutyrate. Appar- 
ently the presence of mitochondria favors 8-hydroxybutyrate synthesis, 
possibly by providing a source of reduced DPN for reduction of aceto- 
acetate to 6-hydroxybutyrate. Microsomes or mitochondria suspended in 
phosphate buffer are incapable of synthesizing HMG and £6-hydroxyiso- 
valerate under these conditions although mitochondria can form 6-hydroxy.- 
butyrate. When the supernatant fraction is added to microsomes (Experi- 
ment 1), a marked decrease in the isotope incorporated into 8-hydroxyiso- 


TABLE I 


Incorporation of C'4H;COOH into HMG, B-Hydrozyisovalerate, and 
8-Hydrozybutyrate by Various Cellular Fractions of Rat Liver 


No. valerate | butyrate 
1 Whole homogenate 775 | 1,600 | 13,800 
Supernatant fraction (100,000 X g) 2350 | 11,500 | 3,500 
Microsomes 12 225 75 
Mitochondria 112 75 | 2,020 
Supernatant + mitochondria 120 125 | 16,100 

microsomes 1480 | 1,075 | 4,570 

2 Whole homogenate 700 350 | 54,000 
Homogenate minus mitochondria 775 | 3,820 | 8,700 
Supernatant fraction (100,000 X g) 1400 | 5,750) 3,500 
Microsomes 0 0 0 
Microsomal extract + supernatant fraction 2150 | 4,500 | 6,850 


The homogenate of rat liver was prepared as described under ‘‘Methods and 
materials.”’ The individual cellular fractions from 3.0 ml. of homogenate were sus- 
pended in Rabinowitz-Gurin medium to a volume of 6.0 ml. The final volume was 
6.2 ml. Each test tube contained 1 ymole of ATP, 0.1 wmole of CoA, 4 uwmoles of 
C4#H;-COONa (1.75 XK 105 ¢.p.m. per wmole). The incubation was for 2.5 hours at 
38° in air. The figures represent total counts per minute in the respective acids. 


valerate and 8-hydroxybutyrate is noted. This may indicate a utilization 
of 8-hydroxyisovalerate for cholesterol synthesis since Bucher and McGar- 
rahan (24) have shown that cholesterol synthesis takes place chiefly in the 
microsomes and Rabinowitz and Gurin (5) found that 8-hydroxyisovalerate 
may be used for this purpose. 

A combination of the extract from microsomes lysed in 10-* m Versene 
and the supernatant fraction from the homogenate caused more acetate to 
accumulate in HMG to a greater extent than that observed in the super- 
natant fraction alone (Experiment 2). This effect was investigated in 
greater detail and the results are shown in Table II. These experiments 
show that the microsomal extract contains the enzymes which synthesize 
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HMG from acetate, ATP, and CoA. When the supernatant fraction is 
added, the acetate is shifted from HMG towards 8-hydroxyisovalerate 
and $-hydroxybutyrate synthesis. Apparently the microsomal extracts 
do not have the ability to form 8-hydroxyisovalerate and therefore have 
lost the enzyme which decarboxylates HMG or some derivative of HMG 
to 8-hydroxyisovalerate. This extract has an absolute dependence on ATP 
and CoA for HMG synthesis. It will be seen later that this dependence 
results from a requirement of the acetate-activating enzyme for these fac- 
tors since acetyl CoA does serve as the substrate in the absence of ATP 
and CoA. 

The presence of the acetate-activating enzyme in this system appears to 


TABLE II 


Incorporation of C'4H;COOH into HMG, 8-Hydrozyisovalerate, 
and 8-Hydrozybutyrate by Microsomal Extracts 


B-Hy- He. 
HMG | droxy- 
No. erate | butyrate 
1 Supernatant fraction 570 | 2300 | 3,650 
Microsomal extract 2,900 | 300 50 
supernatant fraction 1,170 | 1650 | 14,400 
2 Supernatant fraction 725 | 5750 | 2,850 
Microsomal extract 6,100 | 300 0 
supernatant fraction 1,150 | 5600 | 5,750 
3 17,000 
-“ extract — CoA 1,600 
- extract — ATP 250 


Conditions and additions the same as those for Table I. 


be due to the small amount of supernatant fraction adhering to the micro- 
somes. It was found that prewashing the microsomes led to inactivity 
with respect to synthesis of HMG from acetate, ATP, and CoA, although 
activity with acetyl CoA as substrate was unimpaired. When unwashed 
microsomes were lysed with Versene, a preparation capable of incorporat- 
ing acetate almost exclusively into HMG was obtained. Since an addition 
of large amounts of particle-free supernatant fraction causes a greater 
proportion of isotope to accumulate in 8-hydroxyisovalerate and 8-hydroxy- 
butyrate, it appears that the amount of supernatant fraction adhering to 
the microsomal pellet fortuitously provided enough enzyme for the activa- 
tion of acetate but was still limiting with respect to the other enzymes con- 
verting acetyl CoA to #-hydroxyisovalerate and £8-hydroxybutyrate. 
These findings are in agreement with those of Bucher and McGarrahan 
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(24) who also found that a supernatant fraction is necessary for acetate 
activation. 

When the microsomal fraction was compared with various cellular frac. 
tions, it was found to have the highest activity in the synthesis of HMG 
from acetate (Table III). Since the total activity in the microsomal prep. 
aration is so much larger than that of the original homogenate and the 
other cellular fractions, it is obvious that the synthesis of HMG in the 
cruder fractions is either inhibited because of competition for acetyl CoA by 
other pathways, or that HMG is metabolized to other compounds. In 


any case it appears that the microsomes contain the highest concentra. * 
tion of the enzyme system which synthesizes HMG. This observation 


TaBLeE III 


Activity* of Various Cellular Fractions of Rat Liver with 
Respect to Incorporation of Acetate into HMG 


Specific Total 

activity activityt 
Soluble preparation of Rabinowitz-Gurin (6)................. 20 100 ,000 
Unwashed lysed microsomal preparation + cysteine.......... 8000 800 , 000 


* A unit of activity is expressed as the counts per minute incorporated into HMG 
per mg. of protein when 4 wmoles of C'4H;COOH, 3 umoles of ATP, and 0.3 umole of 
CoA are incubated under the conditions described in Table I. Only the microsomal 
preparation was limiting with respect to cysteine and 10 wmoles of cysteine were 
therefore added. The specific activity of the acetate was 1.75 X 105 c.p.m. per 


pmole. 
t Total activity represents the total number of units present in the various frac- 


tions as derived from 100 gm. of rat liver. 


is in agreement with the postulate that HMG or a metabolite thereof might 
be an intermediate in cholesterol synthesis, in view of the establishment of 
the microsomes as the chief site of cholesterol synthesis (24). The un- 
washed microsomal extract from rat liver also utilized acetyl-C' CoA 
and acetyl-C™ pantetheine for the synthesis of HMG. In addition it 
could form HMG from acetoacetate, ATP, and CoA, indicating that an 
acetoacetate-activating enzyme is also present (25, 26). 

Nature of 4-Carbon Unit Which Condenses with Acetyl CoA—The follow- 
ing experiments with labeled acyl CoA derivatives show that AcAc CoA is 
the 4-carbon compound which reacts with acetyl CoA to form HMG. 

The first evidence was obtained when unlabeled acetyl CoA was incu- 
bated with labeled acetoacetate and labeled acetyl CoA was incubated with 
unlabeled acetoacetate. The results are shown in Table IV. When an 
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unwashed rat liver microsomal extract was incubated with C''-acetoacetate 
and unlabeled acetyl CoA, there was no significant increase in the amount 
of C™ incorporated into HMG above the control values (Tube 1 compared 
to Tube 2). On the other hand, when ATP was present, the incorpora- 


TABLE IV 


Incorporation of Acetoacetate and Acetoacetate-C' into HMG 
by Rat Liver Microsomal Extract 


Total c._p.m. HMG 
Tube 
No. Experi-| Experi-| Experi-| Experi-| Experi-| Experi-| Experi- 
ment 1 | ment 2; ment 3 | ment 4/| ment 5 ment 6| ment 7 
1 | 3-C'*4-Acetoacetate, no addi- 125 75 78 | 145 
tion 
2 | 3-C'4-Acetoacetate + acetyl 150 85 
CoA 
3 | 3-C'*-Acetoacetate + acetyl 1300 | 1500 
CoA + ATP 
4 | 3-C'4-Acetoacetate + ATP | 3000 | 1140 | 4150 
+ CoA SH 
5 | Acetyl-C* CoA, no addition 4000 | 2120 | 4000 
6 10 wmoles 4400 | 2250 | 4200 
acetoacetate 
7 | Acetyl-C'* CoA + 30 umoles 4100 | 2750 | 4250 
acetoacetate 
8 | Acetyl-C'* CoA + 100 4000 | 2240 | 4600 
acetoacetate 


In Experiments 1 and 2 each tube contained 15 umoles of acetoacetate-C™ (4 
¢.p.m. per umole), 10 mg. of bovine albumin, 15 mg. of lyophilized rat liver micro- 
somal extract, 220 uwmoles of phosphate buffer, pH 7.0, 10 uwmoles of Mg*t, and 60 
zumoles of nicotinamide. Final volume 2.5 ml. Incubation 2.5 hours at 37° in air. 
In Experiments 3 to 7 each tube contained 8 mg. of lyophilized rat liver microsomal 
extract, 10 mg. of bovine albumin, 10 uwmoles of cysteine, 10 wmoles of Mgt*, 220 
umoles of phosphate buffer, pH 7.0. Tubes 1 to 4 in Experiments 3 and 4 contained 
10 umoles of acetoacetate-3-C'™ (4 104 c¢.p.m. perumole). Tubes 5 to 8 in Experi- 
ments 5, 6, and 7 contained 0.3 umole of acetyl-C'* CoA (carboxyl-labeled) (5.5 
xX 105 c.p.m. per umole). The additions consisted of 0.3 umole of acetyl CoA, 0.2 
umole of CoA SH, 2.0 umoles of ATP, and free acetoacetate as indicated. Final 
volume 2.5 ml.; incubated in air for 2 hours at 37°. 


tion of C' was greatly stimulated (Tube 3). An even greater incorpora- 
tion was observed with ATP, CoA, and C"-acetoacetate (Tube 4). When 
acetyl-C'* CoA was used (Tube 5), there was good incorporation of C", 
proving that HMG is synthesized by the system. These observations show 
that free acetoacetate is not a substrate for the formation of HMG, since 
in the presence of acetyl CoA no isotope from C't-acetoacetate was incor- 
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porated into HMG yet HMG is formed as shown by Tube 5. HMG syn- 
thesis from free acetoacetate was observed only when ATP was present to 
activate the acetoacetate. This could occur via the following series of 
reactions: 


(5) Acetoacetate + ATP + CoA SH = acetoacetyl CoA + 

adenylic acid + pyrophosphate 
(6) Acetoacetyl] CoA + CoA SH = 2 acetyl CoA 
(7) Acetoacetyl CoA + acetyl CoA — HMG (CoA) 


The microsomal extract used in these experiments contained the enzyme 
systems for Reactions 6 and 7, since it was able to form HMG from labeled 
acetyl CoA (Tube 5). 

The decreased radioactivity observed in Tube 3 as compared to Tube 4 
is probably due to the dilution caused by utilization of unlabeled acetyl 
CoA in place of the acetyl-C'* CoA formed in Reaction 6 (8-ketothiolase 
reaction) (27). It should also be kept in mind that the free CoA SH 
required for Reaction 5 is derived only from the action of the 6-ketothiolase 
and deacylating enzymes in Tube 3 and is therefore limiting. The opera- 
tion of both these factors would tend to decrease the level of C'* in HMG 
in Tube 3. 

Further evidence that free acetoacetate is not involved in the formation 
of HMG is shown by the results obtained with Tubes 5, 6, 7, and 8 of Table 
IV wherein varied amounts of acetoacetate were incubated with labeled 
acetyl CoA. 

If free acetoacetate were the 4-carbon compound involved in a system 
in which acetyl-C™ CoA was being incorporated into HMG (see Reactions 
1 and 2), presumably the addition of extra acetoacetate should act to de- 
crease the level of isotope in HMG by dilution of the acetoacetate pool. 
On the other hand, one might conceive of a situation in which an increase 
of radioactivity in HMG would be observed if it were assumed that the 
concentration of acetoacetate for the system was limiting and the addition 
of extra acetoacetate would saturate the system for this substrate and 
thus cause more acetyl-C™ CoA to react. 

When varying amounts of acetoacetate were incubated with the micro- 
somal extract system, no significant effect on the incorporation of acetyl-C"™ 
CoA into HMG could be observed (Table IV), thereby indicating again that 
free acetoacetate is not the substrate. 

Table V shows the effect of AcAc CoA on the incorporation of acetyl-C" 
CoA into HMG. If AcAc CoA were the substrate and the same reasoning 
noted above were applied, then one should observe an effect of this sub- 
stance on the synthesis of HMG, 7.e. either an increase or decrease in 
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incorporation of isotope depending on the conditions of the experiment 
and certain other factors discussed below. 

When AcAc CoA was added to the system, a marked increase in the incor- 
poration of isotope from acetyl-C'* CoA into HMG was noted. This was 


TABLE V 


Effect of Acetoacetyl CoA on HMG Synthesis from Acetyl-C' 
CoA in Liver Microsomal and Yeast Extracts 


Total c.p.m. in HMG 
; | Experi- 
ment IL il, 
rat liver liver yeast 
ration | PFEP®| Tation 
+ 0.02 umole AcAc CoA.......... 5000 
+0.20 CoA SH.. 3100 
0.6 + 0.2 wmole AcAc CoA... 1785 
0.6 + 0.2 umole acetoacetate. 5,700 


The specific activity of acetyl-C'* CoA (carboxyl-labeled) was 5.5 XK 105 c.p.m. 
perumole. Each tube contained 220 umoles of PO, buffer, pH 7.0, 10 mg. of bovine 
albumin, 10 wmoles of cysteine, and 10 wmoles of Mg**. The incubation was for 
2 hours at 37°. Each tube in Experiment I contained 8 mg. of lyophilized rat liver 
microsomal extract. Each tube in Experiment II contained 0.15 mg. of beef liver 
microsomal extract (Fraction I) purified as described under ‘‘Methods and ma- 
terials.’’ Each tube in Experiment III contained 3.0 mg. of a yeast extract pre- 
pared as described under ‘‘Methods and materials.’’ 


so for both the preparations from liver microsomes and the yeast extract. 
These results again offer strong support for the postulate that AcAc CoA 
is the 4-carbon substrate for the synthesis of HMG. When AcAc CoA and 
free labeled acetate were incubated together, no counts were observed in 
HMG. In addition no evidence of a non-enzymatic reaction between AcAc 
CoA and acetyl CoA could be detected. It might be argued that the effect 
of AcAc CoA is merely the result of saturation of the enzyme system’s 
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requirements for acetyl CoA. Since 8-ketothiolase is present, the addition | 
of AcAc CoA together with endogenous CoA SH would form more acety] 


CoA. Although the final specific activity of the acetyl CoA pool would 
undoubtedly be diluted, the effect of saturating the enzyme system might 
compensate for the dilution and thus more counts would be incorporated 
into HMG. The results obtained in Experiment II, Table V, indicate that 
even when the saturation level of acetyl CoA has been reached the addi- 
tion of AcAc CoA again leads to a greater incorporation of isotope. The 
activating effect of AcAc CoA is fully explained by assuming that it is the 
reacting substrate and that higher concentrations saturate the condensing 
enzyme enabling it to react more efficiently with acetyl CoA to form 
HMG. In effect the §-ketothiolase reaction which is essential when 
acetyl CoA is the only substrate is now bypassed when sufficient AcAc 
CoA is present. 

The amount of HMG formed is actually greater than that indicated by 
the amount of C incorporated because of the following factor. When 
acetyl-C'* CoA is the only substrate, 3 carbons of HMG will be labeled 
(1). On the other hand, when acetyl-C'* CoA and AcAc CoA are the sub- 
strates, a large part of the HMG will have only 1 carbon labeled, 7.e. that 
supplied by the labeled acetyl groups of acetyl-C'* CoA, and in addition the 
acetyl-C™ CoA pool will be diluted if 6-ketothiolase and free CoA SH are 
present. 

Johnston et al. (7) working with a flaxseed extract indicated that free 
acetoacetate rather than AcAc CoA was the 4-carbon substrate for HMG 
synthesis on the following basis. They found that the addition of aceto- 
acetate together with ATP and CoA decreased acetate-C™ incorpora- 
tion into HMG by 80 per cent, yet the incorporation of acetate into citrate 
was decreased only 20 per cent. They reasoned that, if AcAc CoA were 
formed, it would be converted to acetyl CoA and would decrease the in- 
corporation of isotope into citrate to the same extent as that observed for 
HMG. Their observation, however, can also be interpreted to mean that 
AcAc CoA is the substrate, since in the case of citrate the observed dilution 
is directly related to the dilution of the acetyl CoA pool only. However, 
in the case of HMG the observed decrease in isotope incorporation is due not 
only to the dilution of the acetyl CoA pool, but also to the dilution of the 
AcAc CoA pool which would be formed from acetoacetate, ATP, and CoA; 
hence, it would be expected that the decrease in radioactivity observed in 
citrate would be much less than that found for HMG. 

Conditions might also be conceived in which if the 6-ketothiolase were 
present in great excess relative to the HMG-condensing enzyme the addi- 
tion of acetoacetyl CoA to acetyl-C'™ CoA would tend to reduce the incor- 
poration of isotope into HMG because of the rapid conversion of acetoacety] 
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CoA to acetyl CoA and consequent dilution of the acetyl-C' CoA pool. 
This is actually observed in preparations of lyophilized microsomal extracts 
prepared from beef liver prior to ammonium sulfate fractionation (Table 
VI). After purification, however, the reverse is observed and the in- 
creased activity with acetoacetyl CoA is obtained. 

The fact that labeled free acetoacetate is not incorporated into HMG, 
plus the subsequent observations concerning the effect of AcAc CoA and 
free acetoacetate, offers strong support for the hypothesis that acetyl CoA 
and acetoacetyl CoA are the reacting moieties in the condensation reac- 
tion responsible for HMG synthesis. The elucidation of the nature of the 
products of this condensation, 7.e. whether a mono- or di-CoA derivative 


TaBLe VI 
Effect of AcAc CoA with Crude and Purified Extracts of Beef Liver Microsomes 
Crude extract + 1.0 ymole Ac-C™ 480 
+ 0.5 umole AcAc CoA....... 300 
Fraction I + 1.0 smole Ac-C™ CoA. 163 
I+ 1.0 + 0.5 umole AcAc CoA........... 200 
Beis * + 0.5 umole AcAc CoA........... 400 


The crude extract contained 0.35 mg. of protein and refers to the lyophilized micro- 
somal extract. Fraction I contained 0.24 mg. of protein and refers to the 0 to 45 per 
cent ammonium sulfate fraction. Fraction II contained 0.18 mg. of protein and re- 
fers to the calcium phosphate-treated ammonium sulfate fraction. Each tube con- 
tained 10 mg. of bovine albumin, 220 wmoles of PO, buffer, pH 7.0, and 10 uwmoles 
of Mg++. The incubation was for 2 hours at 38° in air. The specific activity of the 


acetyl-C'™ CoA was 5.5 X 10° ¢.p.m. per umole. 


of HMG is formed, must await purification of the condensing enzyme free 
of B-ketothiolase and other interfering enzymes. Also the relationship of 
the product to subsequent intermediates in the pathway of cholesterol 
biosynthesis requires further investigation. 

The evidence in the preceding section that isotope from labeled acetic 
acid can be shifted from fatty acid cycle intermediates (such as @-hydroxy- 
butyrate) on one hand to presumed steroid precursors HMG and £-hy- 
droxyisovalerate points to the central role played by AcAc CoA in that it is 
the focal point at which fatty acid and steroid metabolism may be linked. 
Four enzymes may play an important role in determining the shift of acety] 
units from fatty acids to sterols: firstly, the 6-ketothiolase and the supply 
of free CoA SH; secondly, the 8-ketoreductase and the supply of reduced 
diphosphopyridine nucleotide (28); thirdly, the HMG-condensing enzyme 


tion 
ety] 
uld 
ight 
ited 
hat 
he 
the 
ing 
rm 
en 
Ac 
by i 
en 
ed 
b- 
at 
he 
re 
G 
e 
r 
t 
t 


376 BIOSYNTHESIS OF HMG 


which serves to initiate the synthesis of branched chain fatty acid inter- 
mediates by utilizing acetyl CoA and AcAc CoA, two key intermediates in 
fatty acid metabolism; and, finally, the AcAc CoA deacylase (29). The 
interplay of all of these enzymes on AcAc CoA would undoubtedly influence 
steroid metabolism and this point requires further investigation. The 
relationship of the reaction of active CO2 and 8-hydroxyisovaleryl CoA to 
form HMG CoA and the role of the HMG CoA cleavage enzyme of Bach- 
hawat et al. (11, 12) to the HMG-condensing enzyme system is presently 
obscure and awaits further work for clarification. 


SUMMARY 


Rat liver and beef liver homogenates and cell-free yeast preparations 
were fractionated by centrifugal techniques and the incorporation of ace- 
tate-C™ into 8-hydroxy-8-methylglutaric acid, 8-hydroxyisovaleric acid, 
and §-hydroxybutyric acid by various cellular fractions was determined. 
It was found that liver microsomes contain the major part of the enzyme 
system which forms $-hydroxy-8-methylglutaric acid. The particle-free 
supernatant fraction contained enzyme systems and reduced substrates 
which shifted acetate from and $-hydroxyiso- 
valeric acids to §-hydroxybutyric acid formation. Extracts of micro- 
somes were prepared which could synthesize 6-hydroxy-8-methylglutaric 
but not 6-hydroxyisovaleric acid and 6-hydroxybutyric acid. With these 
extracts and the use of labeled substrates such as acetyl-C'* coenzyme A 
(CoA), CH3;-C“O-CH:COOH, and acetoacetyl CoA it was determined that 
the 4-carbon moiety which condenses with acetyl CoA to form 8-hydroxy- 
6-methylglutaric acid is acetoacetyl CoA and not free acetoacetate. The 
implications of this finding are discussed with reference to sterol and fatty 
acid metabolism. 


The author is grateful to Dr. James J. Ferguson, Jr., for assistance with 
the beef liver and yeast enzyme preparations and to Mrs. Miriam Dixon 
for skilled technical assistance. 
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THE METABOLIC REDUCTION OF ORGANIC NITRO GROUPS* 


By W. W. WESTERFELD, DAN A. RICHERT, ann EDWIN S. HIGGINSfT 


(From the Department of Biochemistry, State University of New York, 
Medical College at Syracuse, Syracuse, New York) 


(Received for publication, December 10, 1956) 


The reduction of organic nitro groups is a well known metabolic reac- 
tion, but the nature of the enzymes effecting this reaction is unknown. 
Westfall reported (1) that liver, kidney, and heart are most active in the 
reduction of trinitrotoluene, and that a succinic dehydrogenase prepara- 
tion from beef heart is capable of effecting this reaction (2). However, 
Bueding and Jolliffe (3) found that succinic dehydrogenase could not 
catalyze this reaction directly; they postulated that such substrates as 
succinate, lactate, and malate regenerated DPNH,! which in turn reduced 
trinitrotoluene catalytically through a flavoprotein. Purified xanthine 
oxidase can reduce organic nitro groups (3-5) as well as inorganic nitrate 
(6, 7); liver xanthine oxidase (5) reduced nitrophenols with DPNH as 
electron donor. 

Since xanthine oxidase is a molybdenum-containing enzyme and since 
other enzymes capable of reducing nitrate contain Mo (7), the purpose of 
the present study was to assess the role of Mo enzymes in the reduction of 
organic nitro groups. This was done by the administration of tungstate 
as a means of removing Mo and Mo enzymes from the tissues (8). The 
specificity of the tungstate effect was controlled by overcoming it with di- 
etary molybdate. In this way it has been shown that most, if not all, of 
the enzymes in rat tissues capable of reducing the nitro group of p-nitro- 
benzene sulfonamide are Mo-dependent enzymes. From additional frac- 
tionation and substrate studies it is also evident that animal tissues contain 
a number of different enzymes capable of reducing organic nitro groups and 
that any one system exhibits some specificity toward different nitro sub- 


strates. 


* This study was aided by grants from the National Institute of Arthritis and 
Metabolic Diseases of the National Institutes of Health, Public Health Service 
(No. PHS A-586), and the American Cancer Society, upon recommendation of the 
Committee on Growth of the National Research Council. 

t Present address, Department of Biochemistry, Medical College of Virginia, 
Richmond, Virginia. 

1The following abbreviations are used: DPN, diphosphopyridine nucleotide; 
DPNH, reduced DPN; TPNH, reduced triphosphopyridine nucleotide; pNBSA, 
p-nitrobenzene sulfonamide; FAD, flavin adenine dinucleotide; FMN, flavin mono- 
nucleotide; Mo, molybdenum; W, tungsten. 
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Microorganisms are also capable of reducing organic nitro compounds | de 
(9-12). However, the system in Aspergillus niger which reduces pNBSA © su 
was found to be independent of Mo. 


Methods th 


In Vivo—Normal adult rats previously maintained on chow were fed a | 2( 
purified 24 per cent casein diet (13), modified as follows, for 2 to 4 weeks: 
(1) 24 per cent Labco casein (as previously described); (2) 24 per cent 
casein plus 72 mg. of NazWOQ, per kilo; (3) 24 per cent casein plus 72 mg. 
of NazWO, per kilo + 50 mg. of NazMoQ,-2H,0 per kilo; (4) 0 per cent . 
protein, the casein being replaced with glucose. At an average of 22 or 
25 days, each rat was placed in an individual metabolism cage and three 
24 hour urine samples were collected under toluene. The first was a con- 
trol sample which provided an estimation of naturally occurring diazotiz- 
able substances in rat urine (these were appreciably lower on the protein- 
free diet); the second was collected after a suspension of 10 mg. of pNBSA 
in 5 ml. of H,O was given each rat by stomach tube; and the third 24 hour 
urine sample was collected during the period of 24 to 48 hours after the 
pNBSA administration. Each specimen of urine was analyzed for free 
and total sulfanilamide by the Bratton and Marshall procedure (14); the 
unchanged nitro compound was determined by the zinc reduction pro- 
cedure of Flynn and Kohl (15). The corresponding values for the control 
urine were subtracted from each of the experimental samples, and from 
these corrected figures the data were calculated as (a) per cent of total 
excretory products in the reduced form as sulfanilamide and as (b) per cent 
of the sulfanilamide excreted free and acetylated. 

In Vitro—At the conclusion of the in vivo studies, each rat was killed and 
the liver was analyzed for xanthine oxidase (16) and for its ability to reduce 
p-nitrobenzene sulfonamide in vitro. Thesame liver homogenate, prepared 
with 5 volumes of 0.04 m phosphate buffer, pH 7.4, was used in both de- 
terminations. 4 ml. of the homogenate were placed in the body of a Thun- 
berg tube; 1 ml. of a solution containing 1 mg. of pNBSA in 0.1 m phosphate 
buffer, pH 7.5, was placed in the side arm. After being evacuated, filled 
with Ne, and equilibrated at 37.5°, the solutions were mixed and incubated 
for either 15 or 30 minutes. In some cases, purified milk xanthine oxidase 
or Na2MoQ, was added to additional aliquots of the liver homogenate, and 
the tubes were incubated for 30 minutes. All reactions were stopped by 
the addition of 5 ml. of 10 per cent trichloroacetic acid, and the centrifuged 
supernatant fluids were analyzed for free sulfanilamide. 

In additional zn vitro studies (Series II), the Thunberg tube contained 
0.67 gm. of fresh liver (or its equivalent) plus 1 mg. of pNBSA and addi- 
tional factors in a total volume of 5 ml. of buffered solution; the tube was | 
incubated anaerobically for 30 minutes at 37.5°, and free sulfanilamide was 
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determined on a trichloroacetic acid filtrate. As indicated under ‘“Re- 
sults,” 3.3 mg. of DPNH or TPNH, 0.15 ml. of 1 m succinate, 0.05 m hypo- 
xanthine, 3 M acetaldehyde, or 1 ml. of 0.01 m glutathione was added to 
the tubes. In some experiments, the liver homogenate was centrifuged in 
a Spinco preparative ultracentrifuge (rotor No. 40) at 40,000 r.p.m. for 
30 minutes. The supernatant fraction was tested directly. The pre- 
cipitate was suspended in buffer, centrifuged again for 30 minutes, and re- 
suspended in fresh buffer before being tested. In comparing the effects 
of various diets, the precipitate was fortified with 6.4 mg. of DPNH as the 


TABLE I 


Effect of Tungstate Feeding and Protein Depletion for 22 Days on Reduction 
in Vivo and in Vitro of p-Nitrobenzene Sulfonamide 


DNBSA 
viiro of p 
24 hr. urinary after amine 


mg. live xidase deter- 
Diet Noi | weit 
 |Total NOs per 20 min. 
— Per = 15 min.| 30 min. 
pounds, - mide free 
mg. 
11 361 5.39*| 83.3 14.5 |173 31 
+0.24 | 42.3 | |4+6.5| +6.2} +2.0 
2% casein.......... 5 223 §.21 77.9 | 16.7 |1386 | 232 25 
+0.46 | +2.0 | +0.7 |4+5.5/+10.0 +1.1 
Tungstate.......... 5 | 185 4.27| 65.9 | 23.2] 32 | 60 0 
+0.70 | +3.0 | |\44.9) +9.5 
+ Mo... 8 298 4.97 | 76.5 | 17.5 |159 | 267 20 
+0.24 | +2.1 | 41.0 |4+7.0+10.2) 
0% protein......... 3 99 4.47 | 62.2} 20.0 | 49 86 0 
+0.47 | 45.2 | |4+5.6) +8.7 
0% ee 3 99 110 197 21 
+8.5 +5.8 


*Mean + standard error. 


electron donor substrate. Concentrated liver homogenates were dialyzed 
for 24 hours in the cold against several changes of phosphate buffer con- 
taining 1 X 10-4 m cysteine. The dialyzed preparation was tested with 
and without the above substrates. Whole heart homogenates were tested 
directly without supplementation. 


Results 


In Vivo—The urinary excretions during the first 24 hours after pNBSA 
was given are shown in Table I. The total urinary metabolites (nitro plus 
amino compounds) amounted to about 5 mg., of which approximately 80 
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per cent was in the reduced form for the normal rats fed chow or a purified 
24 per cent casein diet. Rats on the tungstate and zero protein diets ex- 
creted only 62 to 66 per cent of the urinary metabolites in the reduced form, 
Dietary molybdate largely reversed the metabolic defect produced by 
tungstate, and allowed over 75 per cent reduction of the excretory prod- 
ucts. 

The 24 to 48 hour urinary metabolites were not particularly informative 
since over 90 per cent of the total was in the reduced form and 86 to 9 
per cent was acetylated in all groups. The chow-fed rats excreted approxi- 
mately 0.3 mg. of the total products, or 6 per cent of the first 24 hour ex- 
cretion. The 24 per cent casein and tungstate plus molybdate groups 
excreted a corresponding 13 per cent, whereas the tungstate and protein- 
deficient groups excreted 17 per cent. 

The tungstate-fed and protein-depleted rats acetylated only 77 to 80 
per cent of the sulfanilamide formed by this reduction, while the rats on 
the other diets acetylated 82 to 85 per cent. This suggested a possible 
defect in the acetylation reaction as well as in the reduction of the nitro 
group as a result of feeding tungstate. Additional studies were therefore 
conducted in which both sulfanilamide and pNBSA were fed to the same 
rats at different times. The results shown in Table II were comparable 
with Series I inasmuch as the tungstate-fed rats excreted only 62 per 
cent of the urinary metabolites in the reduced form as compared with 
80 per cent for the chow and 70 per cent for tungstate plus molybdate 
diets. The amount of the reduction product which was acetylated was 
again 83 per cent for the control rats and only 76 per cent for the tungstate- 
fed rats. However, when sulfanilamide itself was administered, all three 
dietary groups excreted about 80 per cent of the administered dose and 
acetylated approximately 60 per cent of the urinary products. Hence 
tungstate feeding had no effect on the acetylation reaction itself, and the 
effect observed in both pNBSA experiments must be related indirectly to 
the effect of tungstate on the reduction reaction. 

In Vitro—The results of the in vitro studies are also shown in Tables 
I to III. While the chow-fed rats had a liver xanthine oxidase of 31 and 
formed 300 7 of sulfanilamide from the nitro analogue in 30 minutes, the 
tungstate-fed rats had no liver xanthine oxidase by the usual manometric 
determinations? and formed only 60 y of the amine. Addition of molyb- 
date to the tungstate diet restored the liver xanthine oxidase to 20 and the 
amine formation to 267. The protein-depleted rats were grouped into 
those with no liver xanthine oxidase forming 86 y of amine and those 
retaining an average of 21 for liver xanthine oxidase and forming 197 y 


2 Small amounts of xanthine oxidase can be demonstrated in such livers by measur- 
ing allantoin production. 
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of amine. The addition of 100 y of Mo (as NazMoQ,) to the Thunberg 
tube had no effect (+5 per cent) on the reduction in vitro of the nitro 
group by any of these livers, and did not restore the xanthine oxidase 
activity of the livers in the tungstate or protein-depleted groups. 

Purified milk xanthine oxidase plus 0.15 ml. of 0.05 m xanthine or hy- 
poxanthine, instead of liver homogenate, in the anaerobic Thunberg pro- 
cedure produced very little sulfanilamide. An amount of milk xanthine 


TABLE II 
Effect of Feeding Tungstate or Tungstate Plus Molybdate Diet for 24 Days on Reduction 
in Vivo and Acetylation of 10 Mg. of Oral Dose of p-Nitrobenzene Sulfonamide or 
Sulfanilamide and on Reduction in Vitro of pNBSA by Liver and 
| Heart Homogenates 


3 Urine excretion after 10 mg. orally Reduction in vitro of pNBSAt 
2 Sulfanilamide | Liver, 0.67 gm. 
Diet heart 
Total Sul- - 
- NH: + | Re- Lad Super 42 
3 NO2z duced — BA 
mg. per cent per cent mg. per cent 
218 29 | 4.89*| 79.5*| 16.8*| 7.48*) 40.2*| 333 | 120 | 76) 63 
+0.14 |41.3 (41.4 |40.30 (42.3 | +9 | +7 | +4/ +4 
Tungstate....... 210, 4.95 | 61.9 | 24.4 | 8.20%, 55 | 34) 22] 23 
+0.19 (+2.1 +1.0 40.04 41.4 | +4} 43 | +3 +3 
+- 
molybdate. ...'206 26 | 4.61 | 69.8 | 17.6 | 8.71*| 41.5*) 271 86 | 56); 35 
+0.35 |4+0.6 +0.8 (40.13 41.3 | 47 | +5 +5 +3 


* Mean + standard error for eleven or twelve rats; all the others are mean + stand- 


ard error for five or six rats. 
t Recorded as micrograms of sulfanilamide formed from 1 mg. of pNBSA in 30 


minutes. 


oxidase, which utilized 65 to 85 c.mm. of O2 per 20 minutes in the mano- 
metric assay, formed only 5 or 6 y of sulfanilamide from an original 1000 
y of pNBSA in 30 minutes. When added to the liver homogenate 7n vitro, 
an amount of milk xanthine oxidase which restored the liver xanthine oxi- 
dase of tungstate-fed or protein-depleted rats to the control level of 25 to 
30 restored the nitro-reducing activity from 60 to approximately 100 
(micrograms of sulfanilamide formed per 30 minutes per 0.67 gm. of liver). 
When the nitro-reducing activity of the liver was high (230 to 300 y), the 
addition of milk xanthine oxidase in vitro actually depressed this reduction 
about 15 per cent. Whether pNBSA was reduced to an intermediate sub- 
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stance by the purified xanthine oxidase was not determined. However, 
little sulfanilamide was formed by this enzyme even in the presence of a 
crude homogenate. 

A crude preparation of rat liver xanthine oxidase was made by high speed 
centrifugation of a homogenate to remove particulate matter and by pre- 
cipitating the enzyme from the supernatant fluid between 30 and 60 per 
cent saturated ammonium sulfate. An amount of this preparation which 
gave an QO, uptake of 50 c.mm. in 10 minutes with hypoxanthine substrate 
formed the following amounts of sulfanilamide, in micrograms, from pNBSA 
during 30 minute anaerobic incubation: no substrate 3, succinate 3, TPNH 


TABLE III 


Reduction in Vitro of pNBSA by Rat Liver Homogenates (Centrifuged 
or Dialyzed) Fortified with Various Substrates 


Normal rat liver, chow diet Whole liver nangorate dialyzed 


homog. | natant | Ppt. | Chow diet | Tungstate | T'neciote 

enate solution date diet 
Original homogenate....... 283 109 16 348 44 293 
Dialyzed 149 35 65 
+ DPNH......... ok euae 317 141 103 329 75 219 
300 217 144 303 115 201 
+ succinate............... 289 98 31 147 36 70 
+ hypoxanthine........... 234 (1); 104 10 (3)} 126 33 68 
+ acetaldehyde............| 150 (2); 187 12 (4); 198 57 140 


Recorded as micrograms of sulfanilamide formed from 1 mg. of pNBSA in 30 min- 
utes incubation with 0.67 gm. of fresh liver homogenate or its equivalent of centri- 
fuged supernatant fluid or precipitate. The corresponding values in the presence 
of glutathione were (1) 292, (2) 240, (3) 17, and (4) 25. 


25, DPNH 55, hypoxanthine 50, acetaldehyde 117, DPNH plus hypoxan- 
thine 91. Liver xanthine oxidase was therefore capable of reducing pN BSA 
with hypoxanthine substrate, but other enzymes active in this reaction 
might also be present in this preparation; the major reducing activity was 
not associated with the xanthine oxidase fraction. 

Table III shows the effect of fortifying the liver homogenate with various 
potential substrates for the reduction of pNBSA. The original whole 
homogenate contained enough substrates so that only small effects were 
observed from additional electron donors. When separated into superna- 
tant and precipitate fractions by centrifugation, the sum of the two indi- 
vidual activities was appreciably less than the original. This suggested a 
synergistic action between enzymes in the particulate and soluble fractions 
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in the reduction of this organic nitro group by the whole homogenate. 
When the supernatant and precipitate fractions were recombined, three- 
fourths of the original activity was restored. The addition of boiled super- 
natant fluid to the precipitate fraction gave only slightly more activity 
than the precipitate alone. Both the supernatant and precipitate frac- 
tions utilized DPNH and TPNH as substrates for this reduction. Added 
succinate and hypoxanthine were relatively ineffective with all fractions, 
whereas acetaldehyde inhibited the whole homogenate and stimulated the 
supernatant fraction. Added glutathione generally increased the reduc- 
tion by all fractions with all substrates slightly (approximately 10 per cent), 
but was most impressive in overcoming the inhibition of the whole homog- 

enate and precipitate fraction by hypoxanthine and acetaldehyde. | 

Dialysis of the normal liver homogenate from chow-fed rats decreased 
its ability to reduce pNBSA by over one-half. The activity of the dialyzed 
preparation was restored almost to normal by DPNH or TPNH and was 
restored partially by acetaldehyde; succinate and hypoxanthine were with- 
out effect; citrate plus oxidized TPN, and to a lesser degree succinate plus 
TPN, were good electron donor substrates for this dialyzed liver homog- 
enate. The dialyzed liver homogenate from tungstate-fed rats was much 
less active than normal, but responded to the various substrates in a similar 
manner. Tungstate feeding did not appear to remove the activity of the 
liver toward pNBSA in a selective manner in so far as these substrates were 
concerned. 

The effect of tungstate feeding on the reduction of pNBSA by the super- 
natant and particulate fractions of liver is shown in Table II. The activity 
of both fractions was decreased comparably, but the synergistic effect of 
combining the two fractions, which was evident in both chow-fed and tung- 
state plus molybdate-fed rat livers, was much less impressive in tungstate- 
fed rats. Tungstate feeding also decreased the ability of heart homog- 
enate to reduce pNBSA. 

Other Species—Table IV shows the comparative reduction of pNBSA 
by several liver homogenates and their corresponding centrifugates when 
all were supplemented with DPNH. Not only did pigeon liver have an 
unusually high percentage of this activity localized in the sedimented par- 
ticulate fraction, but a similar distribution and 85 per cent as much activity 
were obtained when either TPNH or acetaldehyde replaced DPNH as 
the electron donor substrate. By contrast, the soluble supernatant frac- 
tion of beef liver contained the bulk of this activity with either DPNH or 
acetaldehyde substrates; the latter gave about 75 per cent as much activity 
as the former, while hypoxanthine was only one-fourth as active. 

The enzyme in the insoluble fraction of chicken liver was fractionated by 
digesting the high speed centrifuged precipitate with Pangestin, precipitat- 
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ing the liberated enzyme with acetone, adsorbing an aqueous solution on 
Ca;(POx,)e gel, eluting it with 10 per cent saturated (NH,4)2SOx,, and pre- 
cipitating it with saturated (NH,):SO,. This enzyme preparation was 
relatively specific for DPNH substrate in the reduction of pNBSA, since 
little activity was obtained with TPNH, acetaldehyde, hypoxanthine, or 
succinate. 

Comparative Reduction of 2,4-Dinitrophenol—A comparison of the rela- 
tive rates of reduction of 2 ,4-dinitrophenol and p-nitrobenzene sulfonamide 
by livers from different species clearly indicated that different enzymes 
were involved. The reaction with 2,4-dinitrophenol was studied by 
incubating under nitrogen 4 ml. of a phosphate buffer solution, pH 7.4, 
containing | ml. of a 1:3 liver homogenate, with 320 y of 2 ,4-dinitrophenol 
and 2.5 wmoles of DPNH or 5 umoles of hypoxanthine for 30 minutes at 
37.5°. After deproteinization with Na2WO, and H2SO,, 2 ml. of the filtrate 


TaBLE IV 
Reduction of pNBSA by Various Liver Fractions when Supplemented with DPNH 


The recorded values are in micrograms of sulfanilamide formed per gm. of original 
liver in 30 minutes. 


Liver Original homogenate Supernatant solution Ppt. 
476 212 155 


were mixed with 1 ml. of 0.5 m Na3PO, and the optical density was measured 
at 400 mp. The difference between the density of the incubated solution 
and a comparable non-incubated control was a measure of the amount of 
2 ,4-dinitrophenol reduced; a change of 0.1 optical density unit was equiva- 
lent to 4.73 y of 2,4-dinitrophenol per 3 ml. 

Table V shows the comparative rates of reduction of 2 ,4-dinitrophenol 
and pNBSA by different tissue homogenates with added DPNH. Rat and 
chicken liver reduced both compounds well, but pigeon liver and beef 
kidney were much more effective with pNBSA than with 2 ,4-dinitrophenol. 
Similar, but less marked, differences were observed with rat and beef heart. 
Rat and chicken livers had the highest activity with 2 ,4-dinitrophenol and 
also contained the highest levels of xanthine oxidase or dehydrogenase. 
Since 2,4-dinitrophenol can be reduced by liver xanthine oxidase by use of 
DPNH substrate (5), some of the higher activity of these tissues can prob- 
ably be attributed to the presence of the xanthine enzyme. However, 
since heart muscle does not contain xanthine oxidase and is able to reduce 
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2,4-dinitrophenol, one or more additional enzymes also catalyze this 
reaction. 

When chicken liver was fractionated (17) to purify the xanthine dehy- 
drogenase and when 2.5 uwmoles of DPNH were used as the substrate, the 
ability to form sulfanilamide from pN BSA was lost rapidly, while the ability 
to reduce 2 ,4-dinitrophenol was retained with the xanthine dehydrogenase 
activity during the early purification steps. 90 per cent of the activity of 
the original liver homogenate toward pNBSA was lost in the initial 56° 
heating step, while two-thirds of the activity toward 2 ,4-dinitrophenol was 
retained. Since the ability to reduce 2,4-dinitrophenol practically dis- 
appeared when this enzyme preparation was treated with Pangestin, while 
the xanthine dehydrogenase activity was retained, either an enzyme other 


TABLE V 


Comparative Reduction of 2,4-Dinitrophenol and p-Nitrobenzene Sulfonamide 
by Different Tissues with Added DPNH in 30 Minutes 


2,4-Dinitrop henol| PNBSA 
Tissue Species Sulfanilamid 
| 
Liver Rat 298 450 
Chicken 326 420 
Pigeon 24 344 
Kidney Beef 15 104 
Heart Rat 116 121 
Beef 68 122 


than xanthine dehydrogenase was responsible for the reduction of 2 ,4-di- 
nitrophenol or the activities of the native xanthine dehydrogenase were 
altered by this digestion step. 

Aspergillus niger—The reduction of p-nitrobenzene sulfonamide to sul- 
fanilamide by a preparation of A. niger was carried out anaerobically at 
37.5° for 30 minutes under the conditions previously described for liver 


homogenates. A. niger was grown as surface cultures on liquid media for 


4 to 6 days at 30°. Before sporulation, the mycelial felt was harvested, 
blotted, frozen for 3 hours, and homogenized with 3 times its weight of 
cold 0.1 Mm KzeHPO,. For the preparation of acetone powders, the frozen 
tissue was homogenized with 10 times its weight of cold acetone in a Waring 
blendor, washed with acetone and peroxide-free ether, and dried under a 
vacuum. For assay, the acetone powders were homogenized with 20 ml. of 
cold 0.1 mM KeHPO, per gm. of powder. At least 90 per cent of the original 
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activity of the acetone powder was retained for 1 month when stored in 
the freezer. 

A. niger was grown on three different media: (a) the KNO3; medium of 
Nicholas (18), (b) the same medium but containing 4 gm. per liter of 
NH,NO; in place of the 5 gm. of KNQOs, and (c) the same as (b) but also 
containing 10 y per ml. of tungsten (as NazWQO,). Since the media were 
not especially purified to remove Mo, all three culture solutions contained 
adequate molybdenum for maximal growth on a nitrate medium (19). 
The amount of W in (c) was sufficient to prevent growth on a KNO; 
medium, and it decreased the growth by about one-half on the NH,NO; 
medium. Growth was less abundant on KNQOs, and 6 days were required 
to produce a weight comparable to that obtained on the W-free NH,NO; 
culture in 4 days. 

When the. mold was grown on a KNO; medium, 4 ml. of a 1:4 mycelial 
homogenate formed the equivalent of 33 y of sulfanilamide per gm. of fresh 
mycelium per 30 minutes. Supplementation with 0.06 mg. of FAD or 
3.2 mg. of TPNH gave 43 and 89 7 of sulfanilamide, respectively, while the 
two together yielded 163 y. DPNH was only 50 to 60 per cent effective as 
TPNH; FMN was 80 per cent as effective as an equal weight of FAD in 
the system. With FAD- and TPNH-supplemented systems, the mycelial 
homogenate prepared from the mold grown on the NH,NO; medium gave 
222 y of sulfanilamide; tungstate added to the NH,NO; medium did not 
suppress this reaction, since such a mycelial homogenate formed 258 y 
of sulfanilamide. When the NH,NO3; medium was freed of Mo (18), 
the activity of the FMN plus the TPNH-supplemented mat was un- 
changed (219 y of sulfanilamide); the addition of 2 y of W (as NazWQ,) 
per 60 ml. of the Mo-free NH,NO; growth medium (20) was also without a 
major effect, since the mat formed 196 y of sulfanilamide. There was no 
nitro-reducing activity in the filtrates or any of the culture media. 

Acetone powders of the mycelial mat grown on an unpurified NH,NO; 
medium formed approximately 120 y of sulfanilamide per 30 minutes per 
gm. of fresh tissue (190 mg. of dry powder) when supplemented with FMN 
alone. Added DPNH did not stimulate this activity appreciably but 
restored about 50 per cent of the original value when added to a dialyzed 
preparation containing FMN. ‘Table VI shows the effect of adding various 
substances to the unsupplemented acetone powder homogenate. Ferrous 
ions stimulated the reaction and overcame the inhibition by cyanide or 
Versene. 8-Hydroxyquinoline was without effect in the presence or ab- 
sence of ferrous ions. Cysteine and glutathione stimulated the reaction 
with or without ferrous ions. Manganous ions were without effect, while 
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Zn++ and Cut inhibited the activity approximately 50 and 100 per cent, 
respectively. About 75 per cent of the activity of the acetone powder 
could be extracted with 0.1 Mm KzHPO,. 

Since no inhibition was caused by the absence of Mo, with or without 
W in the growth medium, it seems clear that the reduction of pNBSA to 
sulfanilamide by A. niger does not involve a Mo-containing enzyme and 
is therefore different from nitrate reductase. The stimulation by ferrous 
ions and the utilization of the pyridine nucleotides as substrates suggest an 
iron-flavoprotein enzyme as the active mediator of this reaction. 


TaBLeE VI 


Effect of Ferrous Ions and Other Substances on Activity of A. niger 
Acetone Powder in Reduction of pNBSA to Sulfanilamide 


Additions +Fet+ 
Versene (ethylenediaminetetraacetate)............ 60 201 


Each Thunberg vessel contained 4 ml. of a 1:21 acetone powder homogenate plus 
1 mg. of pNBSA ina total volume of 5.6 ml. 0.92 mmole of each listed substance 
was added, except that 0.2 ml. of saturated 8-hydroxyquinoline was used, and the 
Fe++ was increased to 0.04 mmole in the KCN and Versene experiments. The results 
are recorded as micrograms of sulfanilamide formed per 190 mg. of acetone powder 
(~1 gm. of fresh mycelium) per 30 minutes. 


DISCUSSION 


It is evident from these results that a number of enzymes are capable of 
reducing organic nitro groups, and that different systems exhibit some 
specificity toward different nitro substrates. While rat liver xanthine 
oxidase is one of the enzymes capable of reducing pNBSA, it does not 
appear to be primarily responsible for this reaction in the liver homogenate. 
Enzymes located in both the soluble supernatant and particulate fractions 
which utilize the reduced pyridine nucleotides as substrates seem to be of 
greater importance in this reduction. Xanthine oxidase can also use the 
pyridine nucleotides and acetaldehyde as substrates, but this enzyme is 
not present in the particulate fraction and cannot be responsible for all of 
the activities with these substrates in the dialyzed homogenate or superna- 
tant fraction. The various activities in rat liver toward pNBSA were all 
affected to about the same degree by tungstate feeding and are presumably 
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Mo-containing enzymes. However, Mo is not required for the reduction 
of organic nitro groups since the enzyme in A. niger is independent of Mo 
and W. 

Depleting the rat liver enzymes by tungstate feeding had much less 
effect on the reduction of pNBSA in vivo than in vitro. This result was 
similar to that of previous experiments in which xanthine oxidase was re- 
moved almost completely from the liver by a low protein diet (21) or by 
tungstate feeding (8), without any effect being evident on the uric acid 
and allantoin excretion in the intact rat. 


SUMMARY 


Feeding NazWO, (72 mg. per kilo of diet) to rats for 3 to 4 weeks to re- 
move xanthine oxidase and other molybdenum-containing enzymes from 
the tissues decreased the ability of the liver homogenate to reduce p-nitro- 
benzene sulfonamide (pN BSA) by 80 per cent or more; this defect was pre- 
vented by including 50 mg. of NazMoO, per kilo in the diet. A protein- 
free diet also removed xanthine oxidase from the liver and markedly 
decreased its ability to reduce pNBSA. 

After an oral dose of pN BSA, 80 per cent of the urinary metabolites were 
in the reduced form when the diet was adequate, but only 62 to 66 per cent 
was reduced when the diet contained tungstate. Tungstate feeding did not 
interfere with the acetylation of sulfanilamide when the latter was admin- 
istered as such. 

Milk xanthine oxidase was inactive in the reduction of pNBSA and did 
not restore the activity in vitro of a Mo-depleted liver homogenate. A 
crude rat liver extract containing xanthine oxidase reduced pNBSA with 
acetaldehyde, hypoxanthine, and reduced diphosphopyridine nucleotide 
(DPNH) or triphosphopyridine nucleotide (TPNH) substrates, but the 
activity of this enzyme was too small to account for the reducing ability 
of the original homogenate. 

Centrifugation of a normal rat liver homogenate at 40,000 r.p.m. for 30 
minutes yielded a precipitate fraction which utilized DPNH and TPNH 
in the reduction of pNBSA, but was relatively inactive with hypoxanthine, 
acetaldehyde, or succinate substrates. The supernatant fraction was 
stimulated by DPNH, TPNH, and acetaldehyde but not by hypoxanthine 
or succinate, and similar results were obtained when the whole liver homog- 
enate was dialyzed before testing. Tungstate feeding did not elicit a dif- 
ferential response in these tests, since all activities were decreased propor- 
tionately. 

80 per cent of the activity toward pNBSA in pigeon liver was present in 
the high speed sedimented particulate fraction, and DPNH, TPNH, or 
acetaldehyde could be utilized as electron donor substrates. An enzyme 
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prepared from the insoluble sedimented fraction of chicken liver was rela- 
tively specific for DPNH. ‘The soluble supernatant fraction of beef liver 
contained three-fourths of the total activity and utilized DPNH, acetalde- 
hyde, and, to a lesser degree, hypoxanthine substrates. 

Rat and chicken livers reduced both pNBSA and 2,4-dinitrophenol 
satisfactorily, but pigeon and beef livers were much more effective with 
pNBSA than with 2,4-dinitrophenol. In the purification of chicken liver 
xanthine dehydrogenase, the ability of the preparation to form sulfanilamide 
from pNBSA was lost in the initial heating to 56°, whereas the ability to 
reduce 2 ,4-dinitrophenol was not lost until digested with Pangestin. 

The reduction of pNBSA by Aspergillus niger was independent of Mo or 
W in the growth medium. Ferrous ions stimulated the reaction and over- 
came the inhibition by cyanide or Versene; reduced pyridine nucleotides 
were utilized as substrates. 
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N-FORMYLCYSTEINE SYNTHESIS IN MITOCHONDRIA 
FROM FORMALDEHYDE AND 1-CYSTEINE VIA 
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In the course of the studies in this laboratory on 1-carbon compounds, 
it was found that the accumulation of formaldehyde in the oxidative de- 
methylation of sarcosine by mitochondria was eliminated in the presence 
of L-cysteine (1). When cysteine alone was added to the mitochondria, 
it was oxidized with an oxygen uptake of 1 ywatom per umole, but only 
after a pronounced induction period (Fig. 1.). Upon the addition of an 
equimolar quantity of formaldehyde to this system, the induction period 
was abolished and there was a rapid uptake of oxygen. However, as 
shown in Fig. 1, the total oxygen consumption did not exceed the level 
obtained with cysteine alone. Nevertheless, the added formaldehyde 
disappeared completely (1). When the molar ratio between formaldehyde 
and L-cysteine was varied, the oxygen consumption was determined by 
the level of cysteine (Table I) until enough was added to saturate the cys- 
teine oxidase system. Then the addition of formaldehyde did increase 
the oxygen consumption by 1 yatom per umole of formaldehyde. 

These results suggested that cysteine was being converted through a 
reaction with formaldehyde into a new and more active substrate. Of the 
known cysteine and formaldehyde reaction products, thiazolidinecarbox- 
ylic acid appeared to fit best the quantitative results shown in Table I. 
This compound, which was discovered independently by Schubert (2) and 
Ratner and Clarke (3) 20 years ago, is formed at room temperature by the 
insertion of the carbon of formaldehyde between the S and N in a cysteine 
molecule to produce a saturated ring. At pH 5 and above, closure of the 
ring is extremely rapid (3). In view of these considerations, L-thiazolidine- 
4-carboxylic acid was synthesized and incubated with mitochondria. As 
shown in Fig. 1, the rate of oxygen consumption was slightly faster than 


* This work was supported by a grant (No. A969-C4) from the National Institutes 
of Health, United States Public Health Service. 

t Present address, Department of Biochemistry, Albany Medical College, Albany, 
New York. 

1 Despite the oxygen uptake, which is twice that required to oxidize the cysteine 
to cystine, paper chromatography of the reaction mixture gives only a single ninhy- 
drin spot with the Rp of cystine. 
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Fic. 1. 6 wmoles of each substrate were incubated with the mitochondria from 
0.5 gm. of liver in 2.2 ml. of 0.075 mM potassium phosphate buffer at pH 7.8. Form- 


aldehyde alone is not oxidized by mitochondria. 


TaBLeE I 


Oxidation of Formaldehyde and t-Cysteine by Mitochondria 
Mitochondria prepared from 0.5 gm. of rat liver were washed and suspended in 2 
ml. of 0.075 M potassium phosphate buffer at pH 7.8. Substrates were added in 0.2 
ml. of buffer. The incubation was carried out for 2 hours at 37° in air. 


Substrates 
Os consumption® recoveredt 

CH:20 Cysteine 
pumoles pmoles microatoms pmoles 
5.3 0 0 4.5 
0 1 1.0 0 
5.3 1 0.9 3.7 
0 3 3.0 0 
5.3 3 3.1 1.5 
0 6 6.2 0 
5.3 6 6.2 0 

0 12 7.1 0 

0 16.5 11.5 0 
5.3 16.5 16.9 0 


* Corrected for the low endogenous value of approximately 6 ul. 
Tt Formaldehyde contained in the trichloroacetic acid filtrate of the reaction mix- 
ture. An additional 0.8 wmole of formaldehyde was bound by the trichloroacetic 


acid precipitate. 
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that produced by the consecutive addition of cysteine and formaldehyde. 
Moreover, the total oxygen uptake was the same in both cases (1). Fi- 
nally, when the mitochondrial oxidation of cysteine plus formaldehyde 
was stopped by heating the reaction mixture, a compound was found which 
possessed the Ry of thiazolidinecarboxylic acid. All of these observa- 
tions indicated that the metabolism of cysteine and formaldehyde in mito- 
chondria proceeded via this compound. 

Chemical Properties of Metabolite—The reaction mixture resulting from 
the mitochondrial oxidation of L-thiazolidinecarboxylic acid, or L-cysteine 
plus formaldehyde, was analyzed for a variety of functional groups. Ta- 


TaBLeE II 
Analysis for Functional Groups of Substrates and 
of Mitochondrial Incubation Mizture 
The supernatant fraction was prepared by heating the incubation mixture at 90° 
for 10 minutes and then centrifuging it. 


Formaldehyde 
—NH:* —SH Formate 

Free /Periodatet 


* —NH; determined by ninhydrin method. 

+ The formaldehyde produced by treating the preparation with periodate. 

t The same analytical results were obtained whether the substrate was formalde- 
hyde plus cysteine or thiazolidinecarboxylic acid. 


ble II summarizes the most instructive findings, together with the results 
of the same tests on the related substrates which are included for compari- 
son. The metabolism of cysteine and formaldehyde was accompanied by 
the complete disappearance of free amino groups and formaldehyde. Fur- 
thermore, formaldehyde did not appear when the supernatant fraction was 
treated with periodate, a procedure which liberates formaldehyde from 
thiazolidinecarboxylic acid. When the substrate was thiazolidinecarbox- 
ylic acid, its oxidation was accompanied by the generation of sulfhydryl 
groups. When the substrates were cysteine and formaldehyde, the sulf- 
hydryl groups first disappeared and then, as the oxidation proceeded, re- 
appeared. There was no loss of carboxyl groups during the incubation, 
as was shown by potentiometric titration of the reaction mixture. Acidi- 
fying and heating the supernatant fraction produced a compound which 
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possessed free amino groups. Its Ry was the same as that of cystine, or © 
cysteine, treated in a similar fashion. When the acid-hydrolyzed super- 
natant fraction was distilled, the distillate was found to contain formic 
acid. 

A single compound which possesses all of the qualities displayed by the 
incubation mixture is N-formyl cysteine. The observed oxygen uptakes 
(Fig. 1) agreed with the bivalent dehydrogenation required for the con- 
version of cysteine plus formaldehyde, or of thiazolidinecarboxylic acid, 
to this product. 

Isolation of Radioactive N ,N’-Diformylcystine from Oxidized Reaction 
Mizxture—Since the sulfhydryl groups in the reaction mixture disappeared 
slowly upon standing,’ it was decided to oxidize them to the disulfide before 
attempting the isolation of the metabolite. In such experiments, both 
radioformaldehyde plus cysteine and radiothiazolidinecarboxylic acid were 
incubated with the mitochondria. After the oxygen uptake had ceased, 
oxygen was bubbled through the supernatant fraction in the presence of 
cupric ions until sulfhydryl groups could no longer be detected. N ,N’-Di- 
formylcystine was then isolated by the carrier technique. As shown in 
Table III, it contained approximately 80 per cent’ of the incubated C*, 
irrespective of whether this had been added as radioformaldehyde or as 
radiothiazolidinecarboxylic acid. Radioactive carbon dioxide and radio- 
formaldehyde could not be detected as reaction products. 

Evidence that the radioactivity in the carrier was due to N , N’-diformy]- 
cystine, and not to contamination with some other radioactive metabolite, 
is presented in Table IV. Recrystallization from water and from meth- 
anol did not lower the specific activity. When the isolated material was 
hydrolyzed with acid, the cystine produced was devoid of radioactivity, 
all being found in the sodium formate isolated from the hydrolysate. 

Identification of Metabolite As N-Formylcysteine—From the evidence 
presented thus far, it could not be decided with certainty whether all, or 
only a small part, of the metabolic product was N-formylceysteine, rather 
than N ,N’-diformylcystine. Indeed, the possibility could not be excluded 
that the metabolite was some labile precursor, for example, the dehydro- 
genated thiazolidinecarboxylic acid, which was converted to these com- 
pounds during the carrier isolation. To resolve these questions, L-thi- 
azolidinecarboxylic acid was incubated with mitochondria; as soon as the 


2 There was no apparent diminution in the intensity of the nitroprusside reaction 
2 hours after the supernatant fraction of the incubation mixture had been prepared. 
However, it was definitely less after storage in the refrigerator overnight and negative 
at the end of 48 hours. 

3 In view of the ease with which the formyl group may be hydrolyzed in acid solu- 
tion, it is likely that some loss occurred when the proteins in the incubation mixture 
were precipitated with trichloroacetic acid. 
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oxygen uptake had ceased, N-ethyl maleimide was added to the incubation 
mixture to trap any sulfhydryl compounds present (4). From the chro- 


TaB_e III 
Metabolism of t-Radiothiazolidinecarborylic Acid and Its Precursors, 
Radioformaldehyde and t-Cysteine, by Mitochondria 
6 wmoles of each substrate were incubated. Both radioactive compounds con- 
tained 1.8 X 10‘ c.p.m. per umole, corrected for self-absorption. The experimental 
conditions were the same as those given in Table I. 


Experiment No. Substrate aunt... 
microaloms per cent incubated C4 
1 C*H,O + cysteine 6.2 78 
Radiothiazolidine-COOH 6.1 80 
Radiothiazolidine-COOHT 0 3 
2 CH,0 + cysteine 5.8 77 
Radiothiazolidine-COOH 5.9 84 
+ cysteinef 0.5 1 


* Isolated by the carrier technique after converting the sulfhydryl groups in the 


reaction mixture to the disulfide. 
t Incubated with mitochondria previously heated for 10 minutes in a water bath 


at 90°. 


TaBLeE IV 
Specific Activity and Distribution of C4 in Isolated N,N'-Diformylcystine 
The compounds are listed in the order of their preparation. 


Compound C.p.m. per mmole 


* The N,N’-diformylcystine, isolated from the incubation of radiothiazolidine- 
carboxylic acid and radioformaldehyde plus cysteine (Table III), was pooled and 


mixed with an equal weight of carrier. 
t Since each molecule of N,N’-diformylcystine yields 2 molecules of formic acid 
upon hydrolysis, the specific activity per millimole was reduced by one-half. 


matographic analysis in Fig. 2, it will be seen that only one spot was ob- 
tained and that this spot possessed the R» of the N-ethy! maleimide deriva- 
tive of N-formyleysteine. Furthermore, in the absence of maleimide a 
single spot was again found, this time with the R,» of free N-formylcysteine. 
Aeration of the incubation mixture before chromatography resulted in the 
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disappearance of N-formylcysteine and the appearance of N , N’-diformy)- 
cystine. It can be concluded from these experiments that the primary | 
end product of the metabolism of L-thiazolidinecarboxylic acid by liver 
mitochondria is N-formylcysteine. 

Enzyme Specificity—The potency and specificity of the L-thiazolidine- 
carboxylic acid dehydrogenase of mitochondria are shown in Table V., 


ORIGIN FRONT 

MITA —> 
MITA *NEM 
TZCA, MITA 
TZCA, MITA * NEM => 
NFC 
NFC*NEM 
NNDOFC 
NNOFC *NEM 
TZCA 
TZCA*NEM 

12345 6 7 8 


Re 

Fic. 2. Chromatogram of the product of thiazolidinecarboxylic acid metabolism 
in mitochondria. 12 wmoles of substrate were incubated for 2 hours with the mito- 
chondria from 0.5 gm. of liver in a volume of 2.2 ml. of buffer. 40 yl. of the superna- 
tant fraction were spotted on Whatman paper No. 1 and developed in an ascending 80 | 
per cent phenol-water system. The standards were dissolved in the endogenous 
supernatant fraction. Solid lines indicate platinic iodide spots, and broken lines 
ninhydrin spots. The faint ninhydrin spots obtained with the endogenous material 
(shown at the top) have been omitted elsewhere for the sake of clarity. The follow- 
ing abbreviations have been used; MITA = mitochondria, NEM = N-ethyl malei- 
mide, TZCA = t-thiazolidinecarboxylic acid, NFC = N-formylcysteine, NNDFC = 
N,N’-diformylcystine. The N-ethyl maleimide was added to the whole incubation 
mixture as soon as the oxygen consumption had ceased. 


6 uwmoles of this substrate saturated the mitochondria isolated from 0.5 
gm. of liver. Under these conditions the initial rate of oxygen consump- 
tion ranged from 3 to 4 ul. per minute, depending on the preparation. The 
enzyme appears to be highly specific for the thiazolidine ring; the intro- 
duction of a methylene carbon to give the next higher homologue, L-1,- 
3-thiazane-4-carboxylic acid, resulted in the complete loss of substrate | 
activity (5). Likewise, removal of the carboxyl group from the ring to | 
give 1,3-thiazolidine entirely abolished substrate activity. Substitution 
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of a methyl or propyl] radical for one of the hydrogen atoms at position 2 
reduced the total oxygen consumption by approximately 75 per cent (Ta- 
ble V). Whether even this low oxygen consumption was due to L-thiazoli- 
dinecarboxylic acid dehydrogenase is questionable, since the product of 
the reaction was not an acyl cysteine but free cystine. 

Djenkolic acid (6) is not oxidized by the mitochondria. Neither is 
N-formylcysteine or N,N’-diformylcystine metabolized by these parti- 
cles. Apparently the mitochondrial cysteine oxidase requires a free amino 
group for its activity. Consequently, sulfhydryl groups, added to mito- 


TABLE V 
Oxidation of t-Thiazolidinecarborylic Acid and Related Compounds by Mitochondria 


The conditions of the experiment are given in Table I. Oxygen consumptions are 
the averages obtained from several experiments performed in triplicate. 


Substrate Quantity Oxygen consumption 
pmoles microatoms 

2-Methylthiazolidine-COOHfT.................... 10 2.4 
10 2.4 
6 0 
N,N’-Diformy]-u-cystine........................ 3 0 


* After 3 hours, the oxygen consumption was 18 microatoms. 
t From unpublished experiments of H. J. DeBey and C. G. Mackenzie. 


chondrial preparations as N-formylcysteine, endure much longer than if 
added as free cysteine. 

The supernatant fraction of liver which remains after the removal of 
mitochondria oxidizes thiazolidinecarboxylic acid either not at all or at a 
very slow rate. However, when the compound is incubated with the whole 
homogenate, the 2 hour oxygen uptake is increased by 1.5 watoms for each 
micromole of added thiazolidinecarboxylic acid. 

Pathway of Formaldehyde and Cysteine Metabolism in Mitochondria—In 
view of the experiments reported here, together with the studies of Ratner 
and Clarke (3) on the synthesis of thiazolidinecarboxylic acid, the metabo- 
lism of formaldehyde and L-cysteine by liver mitochondria may be formu- 
lated as shown in Fig. 3. Formaldehyde, which is hydrated in solution 
(7), condenses rapidly with the sulfhydryl group of cysteine to form the 
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S-methylol compound (3). This compound immediately undergoes ring 
closure to yield L-thiazolidinecarboxylic acid (2,3). As indicated in Fig. 1, 


> 
| 


| 


the oxidation of L-cysteine by the cysteine oxidase of mitochondria is not. 


fast enough to compete effectively with the conversion of cysteine to thi- 
azolidinecarboxylic acid. 

The u-thiazolidinecarboxylic acid is attacked by a specific enzyme, the 
ultimate effect of which is to add 1 atom of oxygen to the compound. On 


the basis of our present knowledge of biological oxidations, it seems likely | 


OH 
HH 
H-C—C-COOH 
NH, 
H H,0 
H-C—C-COOH H-C—C-COOH 
HS NH S NH 
/ 
HC=0 H,COH 
H-C—C-COOH H-C—C-COOH 
SN ‘ S NH 
Cc 
H 
H H 


Fic. 3. Conversion of formaldehyde and L-cysteine in mitochondria to N-formyl- 
cysteine via thiazolidinecarboxylic acid. 


that this is accomplished by a divalent dehydrogenation to yield the corre- 
sponding thiazolinecarboxylic acid, followed by the hydration of the double 
bond and migration of an H atom from O to S to open the ring and produce 


N-formyleysteine. Whether either of the latter reactions is enzymatic — 


is not presently known. 

Taken as a whole, this series of reactions represents the transfer of the 
aldehyde group from S to N with its concomitant dehydrogenation to pro- 
duce the acid. The oxidation takes place without any permanent change 
in the oxidation level of the cysteine, yet, in a sense, the cysteine has acti- 
vated the aldehyde with respect to an enzymatic attack in the absence of 
added coenzymes. Thus, these reactions are a model for the oxidation of 
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an aldehyde, whether the S and N which form the covalent bonds with it 
are both on a protein, both on a coenzyme, or are divided between the two. 
In this particular instance, the L-cysteine resembles a coenzyme which 
possesses both the S and N. Indeed, the cysteine would function as a 
coenzyme in the oxidation of formaldehyde if it could be regenerated by 
the hydrolysis of N-formylcysteine. 

This hydrolytic reaction appears to occur in the living animal, for we 
have found that L-thiazolidinecarboxylic acid can replace L-cystine as a 
supplement to a low methionine diet. Furthermore, .L-thiazolidinecar- 
boxylic acid, on the basis of its sulfur content, is just as active a source of 
cystine for growth as is L-cystine itself.‘ 

Finally, another aspect of thiazolidinecarboxylic acid metabolism should 
be mentioned. ‘This odorless crystalline compound represents “frozen” 
sulfhydryl groups which may be liberated inside the cell as a consequence 
of enzymatic activity. Since these frozen sulfhydryl groups are not sub- 
ject to oxidation to the disulfide form during digestion, absorption, and 
transport, it follows that in detoxification reactions thiazolidinecarboxylic 
acid could be more effective than cysteine. This possibility has been in- 
vestigated, in collaboration with Dr. Julia B. Mackenzie, by comparing 
the potency of thiazolidinecarboxylic acid with that of cysteine in pre- 
venting the massive pleural effusion and death produced in adult rats by 
thiourea (8). It was found that L-thiazolidinecarboxylic acid was approx- 
imately 5 times more active in this respect than cysteine (9). These 
results indicate the possibilities of a new sulfhydryl therapy based on the 
administration of metabolically generated sulfhydryl groups. 


EXPERIMENTAL 


Mitochondria—A modification of the procedure of Schneider and Hoge- 
boom (10) was employed in which the mitochondria were isolated at a 
relatively low centrifugal force. Chopped liver was suspended in 0.25 m 
sucrose, ina ratio of 1 gm. per 1 ml., and the cells were broken in a glass ho- 
mogenizer in a cold room at 1°. The homogenate was strained through 
doubled cheesecloth and the volume was measured. 1 ml. was considered 
to contain 0.5 gm. of liver. 0.25 m sucrose was added to increase the vol- 
ume 5-fold, and the nuclei and unbroken cells were removed by centrifuging 
at 0° and 1700 r.p.m. for 5 minutes in an International refrigerated centri- 
fuge with a No. 822 head. This speed corresponded to a force at the center 
of the centrifuge tubes of 420 K g. The supernatant fraction was decanted 
and centrifuged at 2300 * g (4000 r.p.m.) for 20 minutes, a procedure 
which removes most of the mitochondria. Although centrifugation for 


* Unpublished data, H. J. DeBey and C. G. Mackenzie. 
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an additional 20 minutes will precipitate 10 to 20 per cent of the large | 
granules that remain in suspension, in order to save time these were de. 


canted along with the buffy layer. The isolated granules, which are spher- 
ical in shape and stain with Janus green, were suspended in 0.075 m potas- 
sium phosphate buffer at pH 7.8. The buffer was introduced slowly at 
first and with constant stirring to prevent agglutination of the particles. 
4 ml. of buffer were added for each gm. of liver. The mitochondria were 
then centrifuged for 3 minutes at 1330 X g (3200 r.p.m.), the supernatant 
fraction was removed by decanting, and an equal volume of fresh buffer 
was added. This washing procedure was repeated two more times, and 
the mitochondria were finally suspended in 4 ml. of buffer per gm. of liver. 

Incubation Procedures—2 ml. of the washed mitochondria were added 
to each Warburg flask without the addition of cofactors. Substrates were 
added in 0.2 ml. of buffer at pH 7.8. Cysteine and formaldehyde were 
placed in opposite side arms and the cysteine was tipped in first. The 
center wells of the flasks contained 0.2 ml. of 20 per cent KOH. 


After the oxygen uptake had ceased, the contents of each Warburg flask | 


were transferred to a centrifuge tube together with 2 ml. of wash water. 
When chromatograms were to be run, the proteins were precipitated by 
immersing the tubes in a boiling water bath for 10 minutes; otherwise they 
were removed by the addition of an equal volume of 10 per cent trichloro- 
acetic acid. 

Chromatography—Ascending chromatograms were run on Whatman No. 
1 paper in an 80 per cent phenol and water system. Free amino com- 
pounds were detected by spraying with ninhydrin, and S compounds were 
located by dipping the paper in a solution of platinic iodide according to 
Toennies and Kolb (11), after first extracting the paper with acetone-ether 
to remove phenol. The latter test was also applied to papers previously 
treated with ninhydrin, thus permitting the location of 5 and amino com- 
pounds on the same paper. 


A hydrolysate of the protein-free reaction mixture was prepared for | 


chromatography by adding an equal volume of 1 N HCl and heating in a 
boiling water bath for 30 minutes. The solution was then evaporated to 
dryness at the water pump, resuspended in water, and again dried to re- 


move excess HCl. This procedure hydrolyzed the N-formyl bond, but | 


did not degrade thiazolidinecarboxylic acid, cysteine, or cystine. 


Analytical Procedures—Formaldehyde was measured in the trichloro- | 
acetic acid filtrate of the reaction mixture, both before and after periodate © 
oxidation, by the procedure of Frisell, Meech, and Mackenzie (12). For- | 


mic acid was determined in the distillate obtained from the acidified incu- 
bation mixture by the method of Benedict and Harrop (13). The nitro- 


prusside test for —SH was carried out ina solution of NaHCO;. Negative — 


tests were always confirmed with 2 n NaOH as the solvent. 
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Radioformaldehyde and radiocarbon dioxide were determined by meth- 
ods described earlier (14). Sulfhydryl compounds were trapped in the 
incubation mixture by the addition of a 0.5 per cent solution of N-ethyl 
maleimide (4). 1.5 uwmoles of reagent were added per micromole of S 
compound incubated. 

Substrates—The t-cysteine and the djenkolic acid were obtained from 
the Nutritional Biochemicals Corporation. The formaldehyde was Mal- 
linckrodt, analytical reagent formaldehyde solution. 

L-Thiazolidine-4-carboxylic acid was prepared by a modification of the 
method of Ratner and Clarke (3). 4.13 mmoles of L-cysteine were dis- 
solved in 3 ml. of air-free water and 0.31 ml. of the formaldehyde solution 
mentioned above, containing 4.13 mmoles, was added with stirring. The 
solution, which became slightly warm, was allowed to cool at room tem- 
perature. Crystals of thiazolidinecarboxylic acid appeared within 5 min- 
utes to 2 hours in different preparations. 1 ml. of cold 95 per cent alcohol 
was added and the preparation was placed in the refrigerator. The next 
morning the crystals were filtered and dried at the water pump. The 
compound was recrystallized twice from boiling water and dried at the 
pump with alcohol and ether. The compound contained 10.5 per cent N 
and melted with decomposition at 198—199°, uncorrected. 

Thiazolidinecarboxylic acid, labeled in the 2 position with C™, was syn- 
thesized from radioformaldehyde (Isotopes Specialties Company, Inc.). 

L-1 ,3-Thiazane-4-carboxylic acid was synthesized by the procedure de- 
scribed by Wriston and Mackenzie (5). 

Thiazolidine hydrochloride was synthesized from mercaptoethylamine 
hydrochloride (Evans Chemetics, Inc.) by the procedure of Ratner and 
Clarke (3). It melted at 180°, uncorrected. 

N ,N’-Diformy]-L-cystine was synthesized by the procedure of du Vi- 
gneaud, Dorfmann, and Loring (15). The N analysis agreed with the cal- 
culated value. The compound melted at 192°, uncorrected. 

N-Formy]-t-cysteine was synthesized by suspending 1.2 gm. of L-cys- 
teine in 10 ml. of formic acid and adding 5 ml. of a 1:1 mixture of formic 
acid and acetic anhydride. After the cysteine had dissolved, the solution 
was allowed to stand for 15 minutes and several volumes of 1:1 benzene 
and ligroin were added. The precipitate was filtered and dried at the 
pump. It gave a strong nitroprusside test and a negative ninhydrin test. 
The N content was 101 per cent of the calculated value. The compound 
melted with effervescence at 131°. 

Isolation and Hydrolysis of Radioactive N ,N’-Diformylcystine—The con- 
tents of each Warburg vessel obtained from the isotope experiments were 
transferred to centrifuge tubes together with two 1 ml. portions of wash 


5 We are indebted to Dr. Julia B. Mackenzie for the N analysis. 
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water. 10 mg. of non-isotopic N ,N’-diformylcystine were dissolved in | 


each tube and the proteins were precipitated by the addition of 1.4 ml. of 
20 per cent trichloroacetic acid. The tubes were centrifuged for 10 min- 
utes and the supernatant fraction was decanted into plastic centrifuge 
tubes. The solutions were then titrated with 2 n NaOH to the end point 
of phenolphthalein. These operations were performed as rapidly as possi- 
ble to minimize the hydrolysis of the formyl group. 0.5 ml. of 0.02 » 
CuCl. was added to each tube and oxygen was bubbled through the solu- 
tions until the nitroprusside reaction was negative. This required about 
1.5 hours. 

The solutions were heated to approximately 60° with hot water and 300 
mg. of carrier N ,N’-diformylcystine were dissolved in each tube. The 
tubes were placed in the refrigerator and on the next day the supernatant 
fluid was removed by decanting. The N ,N’-diformylcystine was washed 
twice with ice-cold water and was then suspended in absolute alcohol and 
transferred to a planchet. After the granules had settled out, the alcohol 
was drawn off with a pipette and the precipitate was dried under an infra- 
red lamp and weighed. These and all subsequent samples were counted 
with a thin mica window Geiger-Miiller counter and corrected for self- 
absorption. The counts were calculated in terms of total carrier em- 
ployed and the yield was expressed as a per cent of the incubated C™. 

The radioactive N ,N’-diformylcystine was recrystallized from water 
and dried at the pump with cold absolute ethanol and ether. The melting 
point was 194°, uncorrected. 260 mg. of the recrystallized compound 
were dissolved in approximately 7 ml. of boiling absolute methanol under 
a “cold finger’ and the solution was placed in the refrigerator. The crys- 
tals were dried at the pump with absolute ethanol and ether. 

180 mg. of this material were diluted to 1 gm. with non-isotopic N , N’- 


diformylcystine and dissolved in 70 ml. of 0.5 m H:SO,. The solution was | 


refluxed for 30 minutes and 250 ml. of doubly distilled water were added. 
The diluted solution was then distilled at 90 mm. of Hg and 25° until a 
volume of approximately 20 ml. remained. The distillate was collected 
in a flask immersed in an ice and brine bath. The residual solution in the 
distillation flask was brought to pH 5 with 2 n NaOH. The resulting pre- 
cipitate was washed with cold water, alcohol, and ether, and was dried. 
The compound became nitroprusside-positive after cyanide treatment and 
possessed the FR,» of cystine. 

The distillate was titrated with carbonate-free 2.5 N NaOH to pH 6 by 
using glass electrodes. This solution was concentrated to 25 ml. at the 
water pump and then lyophilized. The salt obtained melted at 255°, un- 
corrected. Admixture with sodium formate did not depress the melting 
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point. The activity of the sodium formate was multiplied by 1000 and 
then divided by 180 to correct for the dilution referred to above. 


SUMMARY 


L-Thiazolidinecarboxylic acid is metabolized by liver mitochondria to 
produce a high yield of N-formylceysteine. This reaction is catalyzed by 
a specific thiazolidinecarboxylic acid dehydrogenase. When L-cysteine 
and formaldehyde are added to mitochondria, N-formyleysteine is also 
formed as follows: 


Formaldehyde + L-cysteine — L-thiazolidine-COOH — N-formylcysteine 


Isotopic experiments have shown that the carbon of formaldehyde and the 
carbon in the 2 position of thiazolidinecarboxylic acid are the sources of 


the formate carbon. 
This series of reactions is discussed as a model for the enzymatic oxida- 


tion of aldehydes and as a means of producing sulfhydryl groups within 
the body for detoxication or other purposes. 


The assistance of Mrs. Margaret M. Cooper during the early phases of 
this work, of Mrs. Marcia M. Michelson during the chromatographic stud- 
ies, and of Mrs. Cleijo J. Bates in preparing the figures is gratefully ac- 
knowledged. 


Addendum—Since this article was submitted, Cavallini and coworkers (16) have 
reported the formation of N,N’-diformylcystine from thiazolidinecarboxylic acid 
and a liver enzyme preparation. In their paper, they refer to our earlier work as fol- 
lows, ‘‘Recently Mackenzie and Harris and Mackenzie studied the fate of the portion 
of the molecule formed from formaldehyde. We have devoted our attention to the 
metabolic fate of the substrate as a whole.’’ We should like to point out that the ab- 
stract by Harris and Mackenzie (17) was equally concerned with the cysteine and 
formaldehyde parts of the molecule, and was entitled ‘‘Metabolism of formaldehyde 
and cysteine via thiazolidinecarboxylic acid.”” Moreover, we concluded, “This com- 
pound (thiazolidinecarboxylic acid) is then dehydrogenated by a specific oxidase to 
vield the corresponding thiazoline, which in turn is hydrolyzed to N-formylcysteine.”’ 
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FAT METABOLISM IN HIGHER PLANTS 


IX. ENZYMIC SYNTHESIS OF LONG CHAIN FATTY ACIDS 
BY AVOCADO PARTICLES* 


By P. K. STUMPF anp GEORGE A. BARBER 


(From the Department of Agricultural Biochemistry, University of California, 
Berkeley, California) 


(Received for publication, December 4, 1956) 


The discovery and isolation of the multienzyme system responsible for 
8 oxidation of fatty acids to acetyl CoA! have stimulated investigation of 
the synthesis of long chain fatty acids by multiple 6 condensation of the 
acetyl CoA. In 1953 Van Baalen and Gurin (1) were the first to demon- 
strate that acetate was incorporated into fatty acids by aqueous extracts of 
pigeon liver. In 1953 Stansly and Beinert (2), employing the purified 
enzymes of the B-oxidative system, showed the synthesis of butyryl CoA 
from acetyl CoA. In 1955 Hele and Popjak (3) described soluble enzyme 
systems from rat and rabbit mammary glands which catalyze the synthesis 
of long chain fatty acids from acetate in the presence of ATP, CoA, and 
DPN. Langdon (4) has made the important observation that TPNH is 
required for the incorporation of acetate-C™ into the higher fatty acids by 
soluble liver systems. Recently Gibson and Jacob (5) and Wakil, Porter, 
and Tietz (6), using three different protein fractions obtained from pigeon 
liver and a mixture of cofactors and substrates, showed the synthesis of 
long chain fatty acids from acetate. 

In higher plants, Newcomb and Stumpf (7) observed that slices of 
cotyledons of both germinating and developing peanuts had the capacity 
to incorporate acetate-C™ into long chain fatty acids. Gibble and Kurtz 
(8) demonstrated that acetate-1-C'* was incorporated by developing flax 
fruits into long chain fatty acids which were labeled predominantly in the 
odd-numbered carbon atoms. Sisakyan and Smirnov (9) supplied acetate- 
C™“ to sunflower chloroplasts and isolated long chain fatty acids with 
relatively low radioactivity. No cofactor requirements were demon- 
strated. 


* This work was supported in part by a grant from the National Science Founda- 
tion. 

1 The following contractions are employed: ATP, adenosine triphosphate; CoA, 
coenzyme A; DPN, diphosphopyridine nucleotide; TPN, triphosphopyridine nucleo- 
tide; Tris, tris(hydroxymethyl)aminomethane; UTP, uridine triphosphate; GTP, 
guanosine triphosphate; CTP, cytosine triphosphate; ITP, inosine triphosphate; 
TCA, trichloroacetic acid. 
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This paper presents evidence that a cell-free particulate system, isolated — 


from avocado mesocarp, catalyzes the synthesis of long chain fatty acids 
from acetate in the presence of ATP, CoA, and Mn** under anaerobic 
conditions. 


Methods and Materials 


Preparation of Enzyme System—Avocado fruits (Persea americana) were 
purchased as needed from local food stores. The Fuerte variety was used 
in the majority of experiments. Generally one fruit, the mesocarp of which 
weighed about 200 gm., supplied sufficient particles for one set of experi- 
ments. 

The fruit was peeled, the seed removed, and the remaining fleshy meso- 
carp was treated in the cold room (3-4°) as follows. The mesocarp was 
passed through a food grater and ground with acid-washed sand in a chilled 
mortar (10) with 1 volume of cold 0.4 m sucrose-0.2 m Tris buffer at pH 7.3. 
The homogenate was squeezed through four layers of cheesecloth, and the 
filtrate was centrifuged in a Servall superspeed angle centrifuge type SS-1 
for 7 minutes at 500 X g to remove fine debris. The supernatant fluid was 
then centrifuged at 10,000 X g for 30 minutes, and the sediment was washed 
by resuspension in 50 ml. of sucrose buffer and by centrifugation again at 
10,000 X g for 30 minutes. The final sediment was suspended in an 
appropriately small volume of sucrose-Tris buffer (containing about 30 mg. 
of protein per ml.) and used within a few minutes. 

Procedure—Enzyme reactions were carried out in small Pyrex tubes 
containing the particulate suspension, cofactors, and substrate labeled 
with C’. The tubes were flushed with nitrogen, stoppered, and shaken 
gently on a rotary shaker for 2 hours at 30°. After incubation, the con- 
tents of each tube were added to an equal volume of saturated KHSO, 
solution in a Maizel-Gerson tube. The lipides were extracted once from 
each tube with 1 ml. of chloroform. The chloroform extracts were evap- 
orated at low heat on to aluminum planchets, and the fatty residues were 
counted directly with a thin window Geiger-Miiller tube, assuming infinite 
thinness. Activity was expressed as the per cent of incorporation, counts 
per minute in chloroform extract X 100 divided by counts per minute in 
substrate. Repeated control experiments showed that unincorporated 
acetate-2-C' was completely lost when the chloroform extract was evap- 
orated on the aluminum planchets. 

Formation of Hydroxamic Acid Derivatives—Hydroxylamine with low 
salt content was prepared by adjusting a concentrated solution of hydroxy!l- 
amine sulfate with saturated Ba(OH). to pH 6.5 and precipitating the 
BaSQ,. Water wasthen added to yield a molar solution of hydroxylamine. 
Hydroxylamine was added to reaction mixtures at various stages in their 
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incubation, and the hydroxamic acid derivatives were isolated by the method 
of Stadtman and Barker (11). Colorimetric analyses for hydroxamic acid 
derivatives formed from non-radioactive substrates were carried out by 
the method of Lipmann and Tuttle (12). | 

Identification of C'-Labeled Lipides—Portions of the chloroform extract 
were fractionated on MgO-Celite and CaCO;-Celite columns, as described 
by Strain (13). The radioactivity of each fraction was determined by 
counting the eluates on aluminum planchets. 

Other portions of the chloroform-soluble lipide material were saponified 
by being refluxed in 10 per cent ethanolic KOH for 5 hours. Fatty acids 
were separated from the acidified saponification mixtures by steam distilla- 
tion. Long chain fatty acids tended to collect in the condenser and were 
washed out with a few ml. of ethyl ether. The aqueous solutions were then 
made slightly alkaline and reduced to small volumes in a flash evaporator, 
model I'E-2 (Laboratory Glass Supply Company), at 40°. The concen- 
trates were acidified with 6 N H.SO, and extracted with ethyl ether. The 
ether was evaporated to dryness, and the residues were redissolved in 
minimal volumes of petroleum ether. The fatty acids were chromato- 
graphed by the reversed phase method of Kaufmann and Nitsch (14). In 
this method, Whatman No. 3 paper is immersed in kerosene for 15 minutes 
and then dried in a well ventilated hood for 4 hours at room temperature. 
Fatty acids are applied as free acids dissolved in hexane, and the paper was 
developed in a descending direction with a 9:1 acetic acid-water solvent 
system at room temperature. The fatty acids and their R,y values are as 
follows: capric 0.60, lauric 0.50, myristic 0.39, palmitic 0.23, oleic 0.24, and 
stearic 0.15. 

With short chain fatty acids, a portion of the above ethyl ether extract 
was treated with concentrated NH,OH solution to form the ammonium 
salts of the fatty acids which were chromatographed by the method of 
Kennedy and Barker (15). 

Radioactive spots were located by exposure of the papers to x-ray film 
for from 5 to 10 days, depending upon the activity of the material chroma- 
tographed. In addition, long chain fatty acids were located by treating 
the paper with a 1 per cent lead acetate solution, washing it with water, and 
exposing the lead salts of the fatty acids to HS. Fatty acids appeared as 
dark spots of lead sulfide. This method is sensitive to0.1 umole quantities 
of fatty acid (16). 

Unsaturated fatty acids were demonstrated by the change in their 
chromatographic movement after reduction by hydrogen with a platinum 
catalyst in a pressure reaction apparatus (Parr Instrument Company). 

Aliquots of fatty acids, synthesized by the avocado particulate system 
from carboxyl- and methyl-labeled acetate, were decarboxylated by the 
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Schmidt azide reaction by the method of Phares (17). The COs released 
was collected in 20 per cent KOH, precipitated with barium acetate, and 
counted as BaCQ3. 

Reagents—Carboxyl- and methyl-labeled acetate-C", both with a specific 
activity of 1.0 mc. per mmole, were purchased from Tracerlab, Inc., Boston. 
CoA and ATP were purchased from the Pabst Brewing Company and the 
Sigma Chemical Company, and reduced glutathione from the Nutritional 
Biochemicals Corporation. 


RESULTS AND DISCUSSION 


Properties of Enzyme System—A study of various centrifugal fractions 
of the avocado mesocarp homogenate showed that the particles most 
active in incorporating acetate into the lipide fraction were sedimented in 
30 minutes at 10,000 * g. When examined under the light microscope, 
this fraction appeared to consist mainly of particles at the limit of optical 
resolution in addition to a small number of chloroplasts. When the meso- 
carp was divided into the green outer and the yellow inner sections, the 
green tissue contained far more chloroplasts than the yellow, but, according 
to weight, particles prepared from each section gave about equal incorpora- 
tion of acetate. Since the procedure used to prepare the particles was 
identical with that of Millerd et al. for isolating avocado mitochondria (17), 
the particles comprising the enzyme system in question appear to be 
“mitochondria” in the generally accepted sense of that term. Addition 
of supernatant solution to mitochondrial preparations caused no stimula- 
tion, but instead inhibition of acetate incorporation. This is in contrast 
to the work of Gibson and Jacob (5) and of Hele and Popjdk (3). The 
former found a requirement for both soluble and particulate fractions of 
pigeon liver for fatty acid biosynthesis, whereas the latter demonstrated all 
activity to be in the soluble portion of rat and rabbit mammary gland 
homogenates. 

The enzyme system in avocado mitochondria is quite labile. Heating 
at 50° for 5 minutes at pH 7.0 destroyed its activity completely; freezing 
overnight at —20° reduced the activity 80 per cent; merely allowing the 
preparation to stand at 0° for 2 hours lowered its ability to incorporate 
acetate into lipides by 50 per cent. 

Anaerobic incubation of the reaction mixtures resulted in greater incor- 
poration of acetate than did aerobic incubation. However, the difference 
between the two was not as large as was expected, 7.e. incubation in War- 
burg vessels exposed to the air showed 9 per cent incorporation against 
15 per cent in tubes flushed with nitrogen. In other experiments, reactions 
carried out either in Warburg vessels flushed with nitrogen and containing 
Oxsorbent (Burrell Corporation) in the center well or in Thunberg tubes 
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flushed carefully with nitrogen gave no greater acetate incorporation than 
did reactions in small tubes flushed with nitrogen and closed with rubber 
stoppers. 

A time study of the reaction system showed that after 90 minutes there 
was no further acetate incorporation. The mixtures were routinely incu- 
bated for 2 hours. 

Cofactor Requirements—Cofactor requirements for the mitochondrial 
system are shown in Table I. The requirements for ATP, CoA, and Mn** 
are clearly evident. The effect of ATP is particularly striking, although a 
rather high concentration was required for optimal activation. This 


TABLE I 


Cofactor Requirements for Incorporation of Acetate-2-C'4 into Lipides by 
Particulate System of Avocado Frutt 

The complete reaction mixture contained 1.0 ml. of mitochondrial suspension 
(about 15 mg. of protein) in 0.4 m sucrose-0.2 m Tris buffer, ATP 5.5 X 10-3 m, CoA 
3X 10-4 glutathione 2.7 X 10-3? m, MnSO, 5 X 10-4 m, NaF 2.7 X 107° M, acetate- 
2-C'45 X 10-5 Mo, 0.05 uc., 35,000 c.p.m., phosphate buffer 5.5 X 10-?m. Total volume 
in each tube, 1.8 ml. The tubes were flushed with nitrogen and incubated for 2 
hours at 30°. 


Components 


suggested a contaminating nucleotide other than ATP as the active 
nucleotide. As a source of such a nucleotide, a complex of mononucleo- 
tides, isolated by charcoal adsorption from acid-extracted yeast cells,? was 
added to ATP. No stimulation was observed. Other nucleotides such 
as UTP, GTP, CTP, and ITP were ineffective. The specific requirement 
for Mn++ is also rather remarkable. Although different metal ions were 
tested for activity, either alone or in combination with Mnt*+, none of them 
stimulated acetate incorporation significantly. Substrate concentration 
was also critica]. Increases in concentration of acetate over about 2.0 X 
10-4 m caused inhibition of the incorporating system. Inhibition of a 
mitochondrial system by short chain fatty acids was also observed in the 
8 oxidation of butyrate by mitochondria of germinating peanut cotyledons 
(18). 


2 The authors are indebted to Dr. Rao Sanadi for this preparation. 
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It should be pointed out that throughout the course of these experiments | 


there was considerable variation from day to day in the activity of the 
particulate preparations. This was undoubtedly related to the condition 
of the avocado fruit and its history of handling and storage. Nonetheless, 
although activity varied quantitatively (1 to 30 per cent incorporation of 
acetate), no instance was ever found of qualitative difference in cofactor 
requirements. 

A marked requirement for a reducing system could not be shown although 
the addition to the reaction mixtures of DPN and TPN with a-keto 
glutaric acid gave a slight but consistent stimulation of acetate incorpora- 
tion. DPN and the reducing system, ethanol dehydrogenase and ethanol, 


TaBLeE II 


Effect of CoA and ATP on Formation of Acetyl Hydrozamates by 
Avocado Particulate System 


The reaction systems were as in Table I except for the addition of 0.5 mmole of 
hydroxylamine, pH 6.5, and 0.2 umole of acetate-2-C™, 54,000 c.p.m. The hydrox- 
amic acids were chromatographed, detected, and eluted as described in the text. 
In each case only one spot, corresponding to the acetyl hydroxamate, appeared on 
the chromatogram. 


Reaction mixture Radioactivity of eluted material 
C.p.m. 


alone or in combination with TPN and its reducing system, glucose-6- 
phosphate dehydrogenase and glucose 6-phosphate, produced no stimula- 
tion. Moreover, DPNH alone had no effect on the incorporation of 
acetate. This lack of effect by DPN and TPN reduced outside the 
mitochondrion may be related to a permeability barrier into the par- 
ticle. 

Fatty Acid Activation—To demonstrate the enzymes of fatty acid activa- 
tion, the mitochondrial system was incubated with hydroxylamine and either 
labeled or non-labeled fatty acid substrates. Acyl CoA derivatives will 
form hydroxamates which can be detected by their production of a colored 
complex with FeCl; and by their chromatographic movement. In experi- 
ments with labeled acetate, the reaction mixtures were chromatographed 
on paper with water-saturated butanol, and the spots were located on x-ray 
film, eluted with ethanol, and counted (11). As indicated in Table II, 
only the acetyl hydroxamate was evident on the chromatograms. It is of 
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interest to point out that the condensation products of acetyl CoA, C4, 
C6, C8, etc. (CoA derivatives), did not accumulate in hydroxylamine- 
trapping experiments in which hydroxylamine was added at different time 
intervals. In other experiments with 5 umoles of non-radioactive acetate, 
butyrate, and octanoate, colorimetric analysis gave evidence for the 
formation of acetyl, butyryl, and octanyl hydroxamates. Palmitic and 
oleic acids gave no reaction (Table III). Tris buffer extracts of acetone 
powder of the fruit mesocarp also formed hydroxamic acid derivatives 
when incubated with cofactors and non-radioactive acetate, but the 
activity of the powder decreased rapidly with storage. From the above 
evidence it was concluded that avocado mitochondria possess a fatty acid- 


TaBLeE III 
Specificity of Fatty Acid-CoA-Activating System of Avocado Particles 
The reaction systems were as in Table I except that 0.5 umole of non-labeled 
fatty acid substrate was substituted for acetate-2-C' and 0.5 mmole of hydroxyla- 
mine, pH 6.5, was added at the beginning of the reaction. Quantitative estimations 
of hydroxamic acid derivatives are described in the text. 


Substrate Hydroxamate* 
umole 
0.00 


* Succinyl hydroxamate as standard. 


activating system which in our preparations is able to activate acetate, 
butyrate, and octanoate in a decreasing order of activity. These results 
are similar to those in plant extracts (19) and in bacteria and animals (20). 

Identification of C'*-Labeled Reaction Products—Since chloroform extracts 
obtained from mitochondrial mixtures were green in color, it was decided 
to determine first whether any of the activity was present in pigmented 
compounds. Portions of the labeled chloroform-soluble materials were 
fractionated on CaCO;-Celite and MgO-Celite columns by us and by 
Dr. Chichester, Department of Food Technology, University of California, 
Davis. Activity was found to be associated with the esterified xanthophyll 
fraction in all cases. However, upon elution and saponification, the colored 
fraction lost its activity. This radioactivity was then recovered from the 
colorless aqueous extracts of the saponified eluate. It was concluded from 
this evidence that the fatty acids synthesized by the reaction mixtures 
were esterified in part with the naturally occurring xanthophylls. This 
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conclusion is tentative since it is possible that triglycerides are associated _ 


with esterified xanthophylls on the chromatographic columns. Experi- 
ments in which the particulate enzymes were incubated with cofactors, 
non-radioactive acetate, and glycerol-1-C™ indicated that glycerol could 
serve as an acceptor of fatty acids. The question of whether the final 
occurrence of the newly synthesized fatty acid is as a xanthophyll ester, a 
triglyceride, or both, requires further investigation. 

For preliminary identification of the fatty acids synthesized by the 


particulate preparations, the reversed phase paper chromatography proce- | 


dure developed by Kaufmann and Nitsch (14) was employed. When the 
saponified lipide was chromatographed, two radioactive spots were observed 
by exposure of the chromatogram to x-ray film. One spot (R, 0.22) was 
larger and considerably more radioactive than the other (Rr 0.14). These 
Ry values correspond to the positions of palmitic or oleic and stearic acids, 
respectively. When an aliquot of the saponified material was hydrogenated 
and chromatographed, the 0.22 area decreased while the 0.14 area increased 
in size and radioactivity. This would indicate the accumulation of stearic 


acid which originated from the reduction of oleic acid present in the saponi- | 


fied lipide material. All the radioactivity of newly isolated lipide material, 
when chromatographed by the Kaufmann and Nitsch (14) system, remained 
at the origin. This indicated the absence of free fatty acid and the occur- 
rence of the radioactive acids as neutral fats. 

A more precise analysis was made by separating the saponified acids by 
gas-liquid partition chromatography. We are greatly indebted to Dr. K. 
P. Dimick of the Western Utilization Research Laboratory, Albany, 
California, for his cooperation in this phase of the work. Enzymically 
prepared radioactive fatty acids were esterified to the methyl esters by 


treatment with diazomethane, and 2.5 mg. each of methyl] laurate, methyl | 


myristate, methyl palmitate, methyl stearate, and methyl oleate were 
added as carriers. The ester mixture dissolved in n-heptane was injected 
into the column heated to 214° (General Electric silicone supported in 
brick dust in a 5 foot column). As the peaks appeared on the Brown 
recorder, the samples were collected and assayed for radioactivity (Table 
IV). Although only 20 per cent of the total applied radioactivity was 
recovered, it can be clearly seen that higher fatty acids became labeled. 
It was not possible to separate stearic and oleic acids by this method, but 
because stearic acid is never labeled to any noticeable extent on the basis 
of reversed phase chromatography and does not occur in avocado fruits in 
significant amounts (21), it is concluded that the major radioactivity of the 
stearic-oleic fraction is contributed by oleic acid. 

No labeled short chain fatty acids accumulate in reaction mixtures as 
evidenced by the Kennedy and Barker method (15). Water-soluble 
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compounds that were left after chloroform extraction were recovered by 
Soxhlet ether extraction. Upon chromatography with butanol-formic 
acid-water, the presence of labeled citric, malic, succinic, and probably 
a-ketoglutaric acids was observed. Since labeling in these TCA cycle acids 
of the tricarboxylic acid cycle was reduced considerably by rigorously 
anaerobic incubation of the reaction mixtures, it is assumed that acetate-C™ 
enters the TCA system through the presence of residual oxygen. Neither 
butyrate-1-C' nor propionate-1-C™ was incorporated into chloroform- 
soluble compounds by the particulate system. 

In view of these experiments it is concluded that palmitic and oleic acids 
are the only fatty acids synthesized in detectable quantity by the avocado 
mitochondrial system. Similar preliminary studies have been made with 


TABLE IV 
Gas-Liquid Chromatography of Enzymically Synthesized Fatty Acids 
Radioactive fatty acids were isolated from the avocado particulate system and 
treated as described in the text. 


Fatty acid (methyl ester)* Emergence time Radioactivity 
min. c.p.m. 


* 2.5 mg. of the methyl esters of these fatty acids added as carriers. 
t Stearic and oleic acids were not separable. See the text. 


mitochondria isolated from cotyledons of germinating peanuts. Acetate-2- 
C“ was readily incorporated into the chloroform-extractable lipides when 
the mitochondria were incubated in the presence of ATP, CoA, and Mn*. 
Without the cofactors no incorporation was observed. 

The results of the Schmidt decarboxylation of fatty acids synthesized 
from carboxyl-labeled acetate are shown in Table V. Fatty acids were 
converted by catalytic reduction to the saturated fatty acids before decar- 
boxylation to avoid oxidation at points of unsaturation by reagents of the 
Schmidt reaction. The results of the decarboxylation suggest strongly that 
the fatty acids are labeled along the whole chain. If the fatty acids are 
synthesized by the condensation of 2-carbon units, every other carbon in 
the chain should be labeled. Thus, in a 16-carbon fatty acid synthesized 
from carboxyl-labeled acetate the carboxyl group should contain one-eighth 
the total radioactivity in the molecule. The experimental results in 
Table V agree with this hypothesis. 
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The evidence of C™ distribution combined with the experiments demon- 
strating the presence of a conventional CoA-fatty acid-activating system 
supports the concept that fatty acid biosynthesis in the avocado system is 
through a mechanism essentially the reverse of 8 oxidation. This is the 
expected mechanism since 8 oxidation of fatty acids is known to occur in 
plants (18), and the condensation of acety] CoA has been demonstrated to 
be the route of fatty acid biosynthesis in other organisms (20). 


TABLE V 
Schmidt Decarborylation of Enzymically Synthesized Fatty Acids 


Radioactive fatty acids were prepared and isolated from the avocado particulate 
system as described in the text. No attempt was made to separate the acids 
since only palmitic and oleic acids are the major ones. Control experiments with 
different concentrations of palmitic-1-C™ consistently gave 60 per cent yields. 
Therefore, a correction factor was applied to the radioactivity of CO» evolved. 
By assuming equal alternate labeling in the side chain of the Cy, and Cis fatty acids 
and an average carbon chain length of 17, a factor of 1 to 8.5 was derived to relate 
the radioactivity in the terminal carbon (carboxyl) to that of the whole molecule. 
The result of decarboxylation of fatty acid enzymically synthesized from methy]- 
labeled acetate-C™ is presented as a control. 


Calculated radio- 
Total Cin Corrected 
Experiment Substrate enzymically enzymically radioactivity of ry’ me vg 
No. incorporated into fatty acid synthesized CO: evolved on ae y 
atty acid from carbon 1 fatty acid 
| C.p.m. C.p.m. C.p.m. 
1 Acetate-1-C'4 | 1440 171 170 
2 ™ | 960 138 113 
3 | Acetate-2-C"4 | 1195 5 0 
SUMMARY 


Particles from avocado fruit mesocarp incorporate C"*-labeled acetic 
acid into esterified long chain fatty acids. Adenosine triphosphate, co- 
enzyme A, and Mn?** are essential components of the system. Palmitic 
and oleic acids were the only labeled acids found to accumulate. Evi- 
dence is presented to support the theory that the mechanism of fatty 
acid formation in the avocado is by the condensation of coenzyme A-acti- 
vated acetate units. The identity of the natural acceptor of fatty acids 
in the avocado mitochondrion is in doubt but may be a xanthophyll or a 
glycerol. 
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MITOCHROME* 


I. ISOLATION AND PHYSICOCHEMICAL PROPERTIES 
II. ENZYMATIC EFFECTS 


By B. DAVID POLIS anv H. W. SHMUKLER 


(From the Aviation Medical Acceleration Laboratory, United States Naval Air Develop- 
ment Center, Johnsville, and the Department of Biochemistry, Graduate School 
of Medicine, University of Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, December 28, 1956) 


Under controlled conditions, it is possible to isolate mitochondria with 
several of the known enzymes present in only partially active or com- 
pletely inactive form (3-5). With these preparations a maximal eff- 
ciency of the system for oxidative phosphorylation can be approximated. 
When mitochondria are aged or damaged by exposure to hypotonic solu- 
tions, a dissociation of oxidation from phosphorylation is believed to occur 
so that, although oxygen uptake may continue at about the same rate, 
little or no esterification of inorganic phosphate is found (6-8). Hypoth- 
eses offered in explanation for these phenomena include the destruction of 
phosphorylation enzymes or coenzymes (9) and the activation of ATPase! 
and acid phosphatase with changes in the permeability of the mitochon- 
drial membrane (3, 4). 

Our studies, directed toward the restoration of the efficiency of phos- 
phorylation in aged mitochondria, revealed a partial recovery of phos- 
phorylation after the addition of serum albumin to the reaction mixture 
(Table I). 

Since the recovery of phosphorylation with albumin was obtained with 
mitochondria aged for 76 hours at 0°, but failed when mitochondria aged 
for 70 minutes at 28° were used, the effect of albumin could be attributed 
to the reversal of a relatively simple change in mitochondria that occurred 
slowly at 0°. At room temperature, additional degradations occurred that 
were not reversed by albumin. 

The nature of the albumin reactivation was revealed when it was found 
that a factor in the soluble proteins from aged mitochondria inhibited the 
aerobic phosphorylation of freshly prepared mitochondria and that the 
inhibition was counteracted by serum albumin (Table IT). 


* Preliminary reports of phases of the experimental work were made (1, 2). 

1 The following abbreviations are used: adenosine triphosphate = ATP; adenosine 
diphosphate = ADP; inorganic phosphate = P; protein-bound phosphate of unde- 
fined energy state = +P; Tris buffer = tris(hydroxymethyl)aminomethane. 
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These observations led to the isolation of the protein ‘uncoupling” 
factor designated as mitochrome, which is described in this report. 


TABLE 
Reactivation of Aerobic Phosphorylation of Aged Mitochondria by Serum Albumin 


Control Albumin 


Time of incubation before | —— 
reaction | 
Esterified P | Ratio, 6 Esterified P 


P 
Ratio, O 


Preparation A 


hrs. at 0° patoms patoms 
4 18.2 2.0 19.0 2.0 
27 11.5 1.7 13.5 2.0 
49 11.2 1.5 14.4 2.0 
72 7.2 1.1 13.0 1.9 
76 7.1 1.4 11.7 2.0 


min, at 28° 
0 11.9 1.8 11.7 1.8 
15 11.8 1.8 11.3 1.8 
30 4.4 1.1 8.0 1.7 
46 1.3 0.5 5.4 1.4 
70 0.0 0.0 0.0 0.0 


Reactions were performed in Warburg flasks containing 2.6 ml. of medium com- 
posed of 0.014 m phosphate buffer, pH 7.2, 0.02 m NaF, 0.009 m MgClo, 0.017 m KCl, 
0.0017 m NaHCOs;, 0.003 m histidine at pH 7.2, 0.025 m a-ketoglutarate, pH 7.2, 0.011 
mM glucose, 7 X 10°‘ m ATP, 160 units of yeast hexokinase prepared according to 
Berger et al. to Step III (10), and 0.2 ml. of mitochondria (1.2 mg. of protein N) 
isolated from rat liver by differential centrifugation in isotonic sucrose (11). Reac- 
tivation was accomplished with 3.32 mg. of commercial crystalline bovine serum al- 
bumin. Phosphate buffer, F~, and ATP were placed in the side arm; other compo- 
nents were added to the main compartment. After a 6 minute equilibration with 
air at 28°, the vessel contents were mixed and oxygen uptake was measured for 30 
minutes. CO: was absorbed with 0.2 ml. of 15 per cent KOH in the center well. 
Inorganic phosphate was determined by the method of Fiske and Subbarow (12) on 
an aliquot of the reaction mixture deproteinized with cold 15 per cent perchloric 
acid. 


Isolation Procedure 


Mitochrome was isolated first from the soluble proteins of aged mito- 
chondria from rat liver. Apparently undefined changes that occur in mito- 
chondria during the aging period are of critical importance for the success- 
ful isolation of a soluble mitochrome. This is emphasized by the additional 


Preparation B 
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yields of soluble mitochrome obtained from the insoluble fragments of 
extracted mitochondria after either partial digestion with trypsin or long 
term storage (3 to 6 months at —20°) in ethanolamine buffer at pH 9.0. 
Proteins similar to the rat mitochrome were obtained from the liver tissue 
of rabbit, pig, cow, and monkey. Finally, it was found that mitochrome 
could be isolated from whole homogenates of liver without a preliminary 
separation of the mitochondria. After the release or extraction of mito- 
chrome from the mitochondrial particle, the actual separation from other 
proteins is accomplished easily by virtue of the insolubility of mitochrome 


TABLE II 


Inhibition of Phosphorylation by Factor from Aged Mitochondria 
and Reactivation by Albumin 


| 


| Uptake 
Addition to control reaction | Ratio, O 
Oxygen | P | 
| 
patoms patoms | 
Bovine serum albumin, 4 mg............... 11.2 26.6 | 2.4 
Supernatant fraction from aged mitochon- | | 
Supernatant fraction from aged mitochon- | 
dria + albumin.................. 1.7 
i 


Reactions were carried out with fresh mitochondria under conditions described 
in Table I, but with the indicated additions to the control reaction mixture. The 
supernatant fraction from aged mitochondria was prepared by centrifuging, at 
25,000 & g, mitochondria that had been stored at 0° in isotonic sucrose until all phos- 
phorylation activity was lost; 0.2 ml. of the clear supernatant solution (0.10 mg. of 
protein N) was used in the reaction. 


in dilute solutions at pH 5, the isoelectric point, and by its insolubility in 
0.25 saturated ammonium sulfate solution at pH 9. 

Isolation from Mitochondria. Step I—Mitochondria prepared by dif- 
ferential centrifugation in isotonic sucrose solution (11) were stored as a 
2 per cent suspension in isotonic sucrose at —20° until a stock of protein 
was accumulated. Approximately 50 gm. of the frozen stock were thawed 
and centrifuged at 20,000 X g. The sediment was homogenized in 0.1 mM 
KCI-0.02 m NaHCO; solution or in 0.1 mM ethanolamine buffer, pH 9.0, 
diluted to form a 2 per cent protein mixture, and aged for 4 days at 5°. 
The soluble protein was again separated by centrifugation at 20,000 X g 
and the insoluble residue resuspended to form a 1 per cent protein suspen- 
sion in the 0.1 M alkaline buffer. After being stirred overnight at 5°, the 
extracted proteins were separated by centrifugation at 20,000 X g, and the 
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clear supernatant solutions from the three extractions were combined. 
Approximately two-thirds of the total mitochondrial protein was soluble at 
this stage. 

Step 1I—The combined extracts were adjusted to pH 4.5 with 1 M acetic 
acid and filtered through fluted paper in a cold room. The precipitate 
was homogenized in 0.1 mM ethanolamine buffer, pH 9.1, diluted to a 0.5 per 
cent suspension, and filtered or centrifuged clear. With care, little dena- 
turation takes place during the acid precipitation step, so that almost all 
of the precipitated protein obtained by the previous centrifugation can be 
dissolved in half the volume of ethanolamine buffer used in the first ex- 
traction. Any protein that remained insoluble in the ethanolamine buffer 
after this second extraction was discarded. The proteins that dissolved in 
the ethanolamine buffer were combined, adjusted to pH 5 with 1 N acetic 
acid, and the isoelectric precipitate that formed was removed by centrif- 
ugation (1800 XX g). After decantation of the clear, green supernatant 
solution, the precipitate was suspended in ethanolamine buffer, pH 9.1, 
and diluted to a 1 per cent solution. Any turbidity that remained after 
the solution was stirred for 2 hours at 5° was removed by centrifugation at 
20,000 X g. This isoelectric precipitation step was repeated twice until 
the filtrate from the precipitated protein became colorless and contained 
less than 0.05 per cent protein. Approximately 10 per cent of the original 
mitochondrial protein was recovered at this step. Electrophoresis of the 
preparation at this stage showed that almost 85 per cent of the protein 
migrated as a single component with the mobility of mitochrome. 

Step IIT—The last isoelectric precipitate was dissolved in 0.1 m ethanol- 
amine buffer,? pH 9.5, and diluted to a protein concentration of 1 per cent. 
Solid sodium tetraborate was added to a final concentration of 0.05 mM, and 
crystalline ammonium sulfate was added to 0.3 saturation. The precipi- 
tate was removed by filtration or centrifugation, redissolved in 0.1 m etha- 
nolamine buffer,? and the salt fractionation was repeated at 0.3 saturation 
and finally at 0.25 saturation with ammonium sulfate in the presence of 
0.05 m borate. The last precipitate was redissolved in sufficient ethanola- 


2 Trace quantities of heavy metal precipitate mitochrome in a form that is difficult 
to redissolve and give the impression of denaturation. Use of ethylenediaminetetra- 
acetate (Versene) prevents this to some extent. In some preparations, especially 
those from pig liver, the protein was associated with a lipide component from which 
it could not be easily separated. Although there was little difference in the enzyma- 
tic or electrophoretic properties of these turbid preparations, the absorbancy index 
at 280 and 260 my was significantly increased. When preparations of mitochrome 
did not dissolve to form a clear solution in the ethanolamine-Versene buffer, they 
were stored in alkaline buffer solution, pH 10, at —20° for a few weeks. Subsequent 
fractionation by isoelectric precipitation usually, but not always, resolved a clear 
soluble mitochrome preparation. 
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mine buffer to form a 0.8 per cent solution and dialyzed overnight against 
10 times its volume of distilled H,O at 5°. A slight residual turbidity was 
removed by centrifugation at 30,000 K g. The clear solution was then 
adjusted to pH 5.0 with 1 M acetic acid and the precipitate was removed 
by centrifugation and redissolved in 0.05 m Tris buffer, pH 8.0, for en- 
zymatic studies. The yield of mitochrome ranged from 2 to 8 per cent of 
the original mitochondrial protein. 

Mitochrome from Insoluble Mitochondrial Fragments after Digestion with 
Trypsin—The insoluble residue of mitochondria after ethanolamine ex- 
traction (6.1 gm.) was again homogenized with 0.1 mM ethanolamine buffer, 
pH 9.1 (0.7 per cent protein suspension), in a Waring blendor with temper- 
ature maintained at 28°. Centrifugation at 1800 X g for 15 minutes 
yielded a turbid suspension containing 2.4 gm. of protein. Most of this 
protein (1.7 gm.) was precipitated by centrifugation at 30,000 X g. This 
precipitate was homogenized in a Waring blendor with 350 ml. of 1 M eth- 
anolamine-20 per cent glycerol solution, pH 10.5, at —5°. After 30 min- 
utes at 0°, the suspension was centrifuged at 25,000 X g for 15 minutes. 
The precipitate recovered (1.1 gm.) was homogenized in 300 ml. of 0.05 m 
ethanolamine buffer, pH 9.5, and, after the addition of 1 mg. of crystalline 
trypsin, was incubated for 1 hour at room temperature. A partial clari- 
fication of the suspension occurred so that with centrifugation at 25,000 X 
g a clear solution containing 750 mg. of the extracted brown protein was 
obtained. Further fractionation of this solution according to the pro- 
cedure outlined in Step III yielded 250 mg. of mitochrome. 

Mitochrome from Whole Homogenates of Liver—After the properties of 
mitochrome were established with preparations from mitochondria, the 
isolation procedure was reinvestigated to determine the feasibility of iso- 
lating the protein from whole homogenates of liver. 

Whole beef or rat liver frozen and stored at —20° for several months 
was thawed and homogenized with 0.25 Mm sucrose-0.01 M Versene solu- 
tion, pH 7, in a Waring blendor to form a 2 per cent protein suspension. 
After centrifugation at 600 * g to remove the nuclei and cells, the super- 
natant suspension was adjusted to pH 4.5 and the precipitate that formed 
was filtered overnight at 5° or centrifuged at 1800 X g. This precipitate, 
containing considerable denatured and insoluble protein, was homogenized 
in a Waring blendor with 0.1 mM ethanolamine buffer, pH 9.5 (1 per cent 
suspension), and stirred at room temperature for 2 hours. The suspen- 
sion was then filtered through fluted paper in a cold room. To facilitate 
the extraction, a clogged filter with remaining protein was homogenized 
in a Waring blendor after a volume of ethanolamine equivalent to that of 
the filtrate that had passed through was added, and the suspension of pro- 
tein and paper pulp was poured on to a fresh filter. Filtration at this 
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point was very slow, requiring 3 to 4 days. During this time the filter | 
paper was changed twice a day. The extraction of the precipitate was — 


discontinued when the protein content of the filtrate dropped to 0.1 per 
cent. Mitochrome was isolated from the clear filtrate by iscelectric pre- 
cipitation at pH 5.0 and by salt fractionation described previously in 
Steps II and III. In one preparation, starting with 2.5 kilos of whole 
beef liver, 23.6 gm. of protein were obtained at Step I, 13.3 gm. at Step 
II, and the final protein yield was 7.6 gm. 


Frequently preparations of mitochrome from whole liver were obtained, | 


associated with a deep red-colored protein which, when isolated in electro- 
phoretically homogeneous form, gave the spectral characteristics of a cyto- 
chrome b, (absorption maxima at 424, 530, and 560 my after reduction with 
dithionite). This trace contaminant, amounting to almost 2 per cent of 
the total protein, was separated from mitochrome by chromatography. 
A 1 per cent solution of the protein in 0.1 M Na,B,O; was passed through 
an adsorption column composed of equal parts of silica and Celite (13) 
that had been washed and equilibrated with the solvent. With the pro- 
portions of 10 mg. of protein per gm. of silica-Celite, all of the protein was 
adsorbed on the column. Approximately 60 per cent of the mitochrome, 
free from the red protein, was eluted from the column with 0.1 M Na2B,O;. 
The residual mitochrome and ‘‘cytochrome b2” were eluted with 1 m eth- 
anolamine buffer, pH 9. 

The mitochrome obtained from either mitochondria or whole homoge- 
nate of liver is a brown-colored protein that is soluble and stable in dilute 
alkaline buffers for a few weeks at 4°. It can be stored at —20° for at 
least a year with only minor losses of activity. 


Physical and Chemical Properties 


The properties of the isolated mitochrome summarized in Table III | 


refer to the dry weight of the salt-free protein. Nitrogen was determined 
by the micro-Kjeldahl procedure described by Miller and Houghton (14). 
Phosphorus was determined after digestion of the protein with H.SO, and 
H.O, (12). The bond between phosphorus and protein was not split ap- 
preciably by hydrolysis in 1 N HCl for 15 minutes and was transformed 
quantitatively to inorganic P only after complete digestion of the protein. 
A modification of the o-phenanthroline reaction was used for the iron con- 
tent after wet digestion of the protein (13). 

Light Absorption—The shape of the absorption spectrum of mitochrome 
in the ultraviolet and visible regions and the changes produced by reduc- 
tion with dithionite and interaction with CO are shown in Fig. 1, A and B. 
The data, obtained with a Beckman recording spectrophotometer, are 
reported in terms of the absorbancy index, a = ((log Jo/J)/bc), where 


— 
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ilter TaBLe III 
Was | Physicochemical Properties of Mitochrome Isolated from Beef Liver 
per Composition ! 
pre- — 
in | per cent 
ed, Light Absorption 
Lro- | 
to- Wave length 
, of 280 1.486 
hy. 410 0.313 
igh 422 (reduced) 0.235 
420( “ CO) 0.350 
13) | 
ro Electrophoretic Mobilities in 0.1 w Buffers 
vas 
ne, Buffer | pH | Ut 
ite Veronal-acetate....................... 7 | —4.80 
3.8 +5.1 
Isoelectric 5.1 0 
| Molecular Size 
). Sedimentation constant, 820. 10'%........ | 3.0 
d Diffusion constant, X | 3.1 
| Partial specific volume (V;), ml. per 0.78 
d Molecular weight | 
Viscosity increment lim (n/no — 18.3 
c= 0 
*a, = absorbancy index = absorbancy (log Jo/J) per cm. depth per 0.1 gm. per 


p cent. 
D t U = mobility in sq. cm. per volt per second X 10~°. 
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log I,/I is the absorbancy (A), b the path length in centimeters, and ¢ 
the concentration in gm. per liter (15). Quantitative values for the absorp- 
tion maxima that are analytically useful are given in Table III. 
Although the absorption spectrum of mitochrome showed the charac- 
teristic Soret band of a heme protein, the absorbancy of this band com- 
pared to that of the 280 my band was much less than is found with the 
more commonly known heme proteins. This led to experimentation to 
determine whether the heme moiety was present as a contaminant. All 


our attempts to separate the heme component without denaturing the — 


protein were unsuccessful. The assumption that the heme group was an 
integral part of the mitochrome molecule became more plausible with the 
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Fic. 1. A, ultraviolet light absorption of mitochrome in 0.04 m phosphate buffer, 
pH 8.0. B, absorption of mitochrome (solid line), reduced mitochrome (NaS8,0,) 
(broken line), and reduced CO mitochrome (dotted line) in 0.04 m phosphate, pH 8.0. 


quantitative agreement of the iron content of 0.055 per cent with the 
molecular weight obtained from sedimentation and diffusion data. 

Electrophoresis—Electrophoresis of mitochrome in 0.1 ionic strength 
buffers resolved a single boundary at pH ranges acid and alkaline to the 
isoelectric point of the protein. Measurements of the mobility of mito- 
chrome in 0.1 ionic strength Tris, Veronal, phosphate, and acetate buffers 
over the pH range 3.8 to 9.0 determined an interpolated isoelectric point 
at pH 5.1 (Table III). In the pH range 5 to 6 the low solubility of the 
protein precluded any reliable mobility calculation with the optical resolv- 
ing power of the equipment used. 

A mixture of equal quantities of mitochrome and serum albumin mi- 
grated as a single component during electrophoresis in alkaline buffers 
(Fig. 2). In buffers acid to the isoelectric point, the mixture was re- 
solved into two components. One component with a mobility of 2.6 
showed the characteristic inhomogeneity of serum albumin at pH 4 first 
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described by Luetscher (16); the other component with mobility of 4.5 
was identified as mitochrome (Fig. 2, C). The electrophoretic indications 
of a protein-protein interaction between mitochrome and serum albumin 
were confirmed by sedimentation data. Ultracentrifugation of equimolar 
mixtures of mitochrome and serum albumin gave a monodisperse sedi- 
mentation pattern with an s,. = 3.7 for the mixture that was greater 
than soo. = 3.0 for mitochrome alone and less than se. = 4.4 for albu- 
min alone. The physicochemical evidence for interaction between mito- 
chrome and serum albumin offers some reasonable explanation for the 
action of albumin in counteracting the enzymatic effects of mitochrome on 
intact mitochondria. 

Molecular Weight—The molecular weight of mitochrome was obtained 


A B 
Fia, 2 Fia. 3 


Fig. 2. Electrophoretic patterns of the descending boundaries of: A, mitochrome 
(pH 8.4, » = 0.1, U (mobility in sq. em. per volt per second X 10-5) = —5.4); B, 
mitochrome + bovine serum albumin (1:1) (pH 6.8, 1» = 0.1, U = —5.1); C, mito- 
chrome + albumin (1:1) (pH 4,4 = 0.1, U = 2.6, 4.5). 

Fic. 3. Sedimentation patterns of: A, 0.5 per cent mitochrome; B, a mixture of 
0.58 per cent mitochrome and 0.42 per cent albumin in 0.1 m Veronal buffer, pH 9.1. 


from measurements of the sedimentation and diffusion constants of the 
protein. Values for the sedimentation constant were obtained by Dr. M. 
MacKenzie with a Spinco ultracentrifuge. Solutions of a lyophilized prep- 
aration of mitochrome were made in 0.125 mM phosphate buffer, pH 7.8, 
and in 0.1 m Veronal buffer, pH 9.1, with a final protein concentration of 
1.0 and 0.5 per cent, respectively. Fig. 3 shows representative sedimenta- 
tion patterns of mitochrome and of a mixture containing 0.42 per cent 
serum albumin and 0.58 per cent mitochrome in Veronal buffer. In con- 
trast to the electrophoretic homogeneity of mitochrome, the sedimentation 
pattern indicated a weight heterogeneity. This difference suggests either 
that the protein is an interacting aggregate of heterogeneous molecular 
species that migrates as a single component in an electric field or that the 
protein molecules are of the same species but that they associate to form 
a weight-heterogeneous molecular population. The monodisperse sedi- 
mentation pattern (Fig. 3) obtained with approximately equimolar con- 
centrations of mitochrome and albumin in the face of the polydisperse 
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pattern of the mitochrome alone intimates that mitochrome exists as an _ 


equilibrium mixture of unassociated and associated molecules of the same | 


molecular species and that reaction with albumin displaces the equilibrium 
predominantly in the direction of an albumin-mitochrome compound. 

Diffusion measurements were made with the schlieren optical system 
of the Aminco-Stern electrophoresis apparatus on a 0.7 per cent solution 
of mitochrome in Veronal buffer, pH 9.1. Weight average diffusion con- 
stants De,, were calculated by the method of moments and corrected to 
standard conditions as described by Lundgren and Ward (17). 

With the Svedberg ultracentrifuge equation (17), a molecular weight of 
107,000 was obtained from the data for the sedimentation constant, dif- 
fusion constant, and partial specific volume of mitochrome. This agrees 
with the minimal molecular weight of 102,000 calculated from the iron 
content of mitochrome with the assumption of 1 atom of iron per molecule 
(Table III). The molecular weight of mitochrome was also determined 
for us by Dr. R. Steiner who used a light-scattering method (18). The 
disagreement of the value of 160,000 with those obtained by the other 
methods might be attributed to the association of the mitochrome mole- 
cules that would produce a proportionately greater effect on the scattering 
of light. 

The data summarized in Table III also permit the calculation of the 
frictional ratio or dissymmetry constant f/fo (17). The high value of 2.13 
indicates that the molecule is not spherical. By making the usual as- 
sumptions that the molecule is a rigid, impenetrable, and unhydrated 
ellipsoid of revolution, the axial ratio of such an ellipsoid can be obtained 
from the frictional ratio or the intrinsic viscosity by using the graphical 


expression of the Perrin or the Simha relation (19). The intrinsic vis- | 


cosity of the protein was obtained from specific viscosity measurements 
made with Ostwald-Cannon-Fenske type capillary viscosimeters (20). 
From an intrinsic viscosity of 18.3, the axial ratio for a prolate ellipsoidal 
model is 12.2. The axial ratio derived from the dissymmetry constant 
is 23.6. For an oblate ellipsoidal model, the axial ratios would be 25 
from viscosity data and 35 from the frictional ratio. The differences 
found for the prolate model are much greater than has been reported 
generally for the two methods (21). Similar discrepancies, however, 
have been reported for the fibrinogen molecule (22). 


Enzymatic Effects 
Inhibition of Aerobic Phosphorylation by Mitochrome—The hypothesis 
that the diffusion of mitochrome from mitochondria caused an apparent 
inactivation of aerobic phosphorylation was confirmed by experiments 
exemplified in Table IV. In a system with freshly prepared mitochondria 
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demonstrating oxidative phosphorylation with nearly maximal efficiency, 
the phosphorus esterified via ATP to glucose with hexokinase was dimin- 
ished progressively by increasing the concentration of mitochrome in the 
reaction mixture. In agreement with the thesis stated previously, serum 
albumin counteracted the inhibition so that phosphorylation was restored. 
This reversal of the mitochrome effect apparently was limited to mam- 
malian serum albumins, since serum globulins, egg albumins, protamines, 
insulin, ete., were inactive. 

Activation of Dephosphorylation of ATP by Muitochrome—Since mito- 
chrome had no demonstrable effect on the isolated reaction transferring 
phosphate from ATP to glucose by yeast hexokinase, it seemed reasonable 


TABLE IV 


Inhibition of Oxidative Phosphorylation by Mitochrome and 
Reactivation by Serum Albumin 


Control | Albumin 
| Esterified P Ratio, | Esterified P | Ratio, 
| | | 0 
mg | patoms | patoms | 
0.0 | 25.7 2.7 | 24.6 | 2.9 
0.29 | 18.1 2.4 
0.57 22.0 2.7 
1.14 | 1.3 | 0.3 14.7 2.3 


Reactions were performed with fresh mitochondria under conditions described in 
Table I, but with the indicated additions of a purified mitochrome from rat liver to 
the reaction mixture. The reactivation experiments were carried out with 3.0 mg. 
of crystalline bovine serum albumin in the reaction medium. 


to attribute the effect of mitochrome to a reaction with sites on the sur- 
face of mitochondria. The result might be interpreted as a discharge of 
high energy P on the mitochondrial surface to inorganic P. In the ab- 
sence of mitochondria, the isolated protein, mitochrome, had only a small 
and negligible action on ATP. However, a pronounced activation of 
ATP dephosphorylation was observed when mitochondria, that gave no 
indication of ATP hydrolysis, were added to the substrate in the presence 
of mitochrome. Since the inhibition ‘of aerobic phosphorylation could be 
explained on the premise of a discharge of high energy phosphate on the 
mitochondria to inorganic phosphate, the more simple reaction of ATP 
dephosphorylation was investigated in more detail. 

The activation of ATP dephosphorylation by mitochrome is illustrated 
in Fig. 4. During the first few minutes of the reaction, there is an appar- 
ent esterification of inorganic phosphate by the freshly prepared mito- 
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chondria. With time and with increasing concentrations of the activator. 


protein, the net effect is a hydrolysis of phosphate from ATP. 

The complex nature of the reaction with mitochrome was emphasized 
by the failure of first order and second order elementary theoretical kinetic 
expressions (23) to describe the data adequately. Doubling the initial 
ATP concentration changed the order of the reaction from 0 to 3. A 
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Fic. 4. Phosphate split from ATP as a function of time with varied concentrations 
of mitochrome in the reaction mixture. Reactions were carried out in air at 28° 
in 2.0 ml. of solution with final concentrations of 0.025 m Tris buffer, pH 7.1, 1.25 X 
10-3? m MgCl., 3.08 K 10-3 m ATP, 0.2 ml. of mitochondria containing 0.554 mg. of 
protein N, and the indicated quantities of mitochrome. At stipulated times, the 
reaction was stopped by the addition of 1 ml. of cold 15 per cent perchloric acid and 
the protein-free filtrate was analyzed for inorganic phosphate. 

Fig. 5. Effect of substrate concentration and mitochrome concentration on ATP 
dephosphorylation. Reactions were carried out in 2 ml. mixtures with final concen- 
trations of 0.025 m Tris buffer, pH 7.1, 0.3 ml. of mitochondria containing 1.27 mg. of 
protein N in isotonic sucrose, and the indicated concentrations of ATP (micromolar). 
The mitochrome concentration (ml. of 1.2 per cent solution) is labeled on each curve. 
After 10 minutes incubation at 28°, the reaction was stopped by the addition of 1 ml. 
of cold 15 per cent perchloric acid and analyzed for inorganic phosphate. 


4-fold increase over the initial substrate level produced a complicated re- 


action that followed no simple order. With the reaction time fixed, it 
was evident empirically from the data presented in Fig. 5 that the appear- 
ance of inorganic phosphate was an exponential function of the substrate 


concentration at any mitochrome concentration. By plotting the data — 


(Fig. 5) as phosphate split versus mitochrome concentration at different 
substrate levels, it was apparent also that the activation effect of the mito- 
chrome passed through a maximum and that the reaction was inhibited by 
higher concentrations of mitochrome. 
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Albumin Effect—Since the inhibition of aerobic phosphorylation attribu- 
table to mitochrome was reversed by serum albumin, then the activation 
of ATP dephosphorylation produced by mitochrome should also be re- 
versed by serum albumin if both inhibition of phosphorylation and activa- 
tion of dephosphorylation are the result of the same action of mitochrome 
on mitochondria. This concept is supported by the data in Fig. 6. As 
shown, the resultant dephosphorylation activity is dependent upon the 
concentration of mitochrome relative to the concentration of albumin. 
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Mg. MITOCHROME (Mg**) 
Fia. 6 Fia. 7 

Fia. 6. Effect of albumin on mitochrome activation of ATP dephosphorylation. 
Reactions in 2 ml. of media containing 3.08 X 10-3? m ATP, 1.25 X 10-3? mM MgCl, 0.025 
m Tris buffer, pH 7.2, 0.2 ml. of mitochondria (0.84 mg. of protein N), and the indi- 
cated quantities of mitochrome were run with no albumin (@), with 3.0 mg. of al- 
bumin (O), and with 6.0 mg. of albumin (X). After 10 minutes at 28° the phosphate 
hydrolyzed was determined as described in Fig. 5. 

Fig. 7. Mg ion activation of ATP dephosphorylation by mitochondria in the pres- 
ence (@) and absence (X) of mitochrome. Reactions were performed for 10 min- 
utes under conditions described in Fig. 5. [Mgtt] = m X 107%. 


With sufficient albumin the activation effect of mitochrome can be com- 
pletely abolished. 

The physical interaction of mitochrome and albumin demonstrated 
previously by electrophoretic and sedimentation experiments suggests the 
possibility that albumin exerts its action by masking functional groups 
on the protein or by a steric hindrance effect that blocks the complex from 


sites on the mitochondrial surface. The interaction of albumin and mito- 


chrome is not dependent upon the albumin molecule per se, since partial 
denaturation with urea does not decrease its reaction with mitochrome. 
Methylation of the albumin molecule lowers its activity by approximately 
00 per cent. Reaction with iodoacetic acid after urea denaturation, acet- 
ylation, or iodination completely abolishes the albumin effect. The io- 
dinated albumin, in addition to being inactive with mitochrome, has an 


_ Inhibitory action of its own on aerobic phosphorylation. It appears, then, 
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that the albumin effect with mitochrome is due to specific end groups in 
the peptide linkage of albumin and not primarily to the molecular con- 
figuration of the native protein. 

Mg*+ Activation—The effect of Mg++ on the activation of ATP dephos. 
phorylation is shown in Fig. 7. In the absence of mitochrome, Mgt* had 
only a small effect. In the presence of mitochrome, maximal activation 
was obtained with 1.25 K 10-* m Mgt+; higher concentrations of Mg 
were inhibitory. The data indicate that the effect of mitochrome cannot 
be attributed primarily to a Mg++ activation of ATPase induced by a 
trace metal content of the mitochrome. 


Mechanism of Mitochrome Action 


Over a limited substrate concentration range the kinetic data for mito- 
chrome activation of ATP dephosphorylation followed the Lineweaver 
and Burk (24) formulation of the Michaelis-Menten equation to give a 
family of straight lines with divergent intercepts on the velocity axis and 
with different slopes. Although this might be interpreted as implicating 
mitochrome in the dephosphorylation of ATP without any direct interac- 
tion between ATP and mitochrome, 7.e. non-coupling activation, the data 
per se offered noclearly defined mechanism for the reaction. This informa- 
tion was obtained by more direct procedures with the use of radioactive 
phosphate and tracer techniques. 

Discharge of Mitochondrial Bound P** by Mitochrome—A preparation of 
mitochondria containing bound radioactive phosphate (mitochondria + P*) 
was made by mixing 0.25 ml. of P® (20 XK 10° c¢.p.m. per ml.) with 4 ml. 
of mitochondria (16 mg. of protein N) in isotonic sucrose at 0°. Excess 
P® was removed by centrifuging at 10,000 X g and resuspending the mito- 
chondria in cold isotonic sucrose three times. The last sediment was re- 


suspended in 4 ml. of 0.25 Mm sucrose. The control (Table V, Experiment | 


A) was composed of 0.5 ml. of mitochondria #P*® and 3 mg. of serum 
albumin in 2 ml. of isotonic sucrose. The phosphate bound to mitochon- 
dria in the absence of albumin is also shown for comparison (Table V, Ex- 


periment A’). For the reaction (Table V, Experiment B), 2.8 mg. of | 


mitochrome were substituted for the serum albumin. After 3 minutes at 
0°, the mitochondria were centrifuged at 10,000 * g and washed repeat- 
edly with cold isotonic sucrose until the wash water approached back- 
ground radioactivity levels, which required four washings. The mito- 


chondria were then analyzed for radioactivity and protein nitrogen. It | 


can be seen (Table V) that the addition of mitochrome to mitochondria 
+ P* discharged almost 70 per cent of the bound phosphate to form in- 
organic phosphate. 


Discharge of Mitochondrial Bound Nucleotide P® by Mitochrome—Mito- | 
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chondria with bound radioactive ATP (mitochondria-ATP*) were pre- 
pared by mixing 4 ml. of mitochondria (16 mg. of protein N) in 0.25 m 
sucrose with 0.5 ml. of serum albumin and 1 ml. of phosphate-labeled 


TABLE V 


Discharge of Bound Inorganic and Nucleotide Phosphate from 
Mitochondria by Mitochrome 


bound to 
action Reaction mixture | 
| | Inorganic | Nucleotide 
| min. mpatoms | ? 
| Mitochondria P*? + albu- 63.0 
| min at 0° | 
A’ | 3 | Mitochondria + P* at 0° | | 62.0 | 
| chrome at 0° | | | 
C | 8 | Mitochondria-ATP®* at 0° | | 4.0 | 28.3 
| 3 + mito- 
| chrome at 0° | 
E 2 | Mitochondria-ATP% at 26° 1, 600 56.9 | 21.1 
+ mito- 2,700 15.2 | 
| chrome at 26° | ! | 
54, 000 | 18.7 | 4.3 
| 12 | 73,400 | 168 | 4.9 


ATP” (1.0 umole = 1 X 10° e.p.m.).2 The mitochondria were centri- 
fuged at 0°, washed once with 0.25 m sucrose, and suspended in 4 ml. of 


’ ATP®? was prepared by the reaction of 0.023 M a-ketoglutarate, 0.0082 m MgCle, 
0.016 m KCl, 0.0016 m NaHCO;, 0.0029 m histidine buffer, pH 7.4, 0.0021 m AMP, 
0.00146 m ATP, 4 mc. of P*? in 0.0024 m inorganic phosphate, and 0.6 ml. of mitochon- 
dria (2.5 per cent suspension in sucrose) in a total volume of 2.76 ml. After 30 min- 
utes of aerobic shaking, the reaction in the Warburg flask was stopped with the 
addition of 1 ml. of 20 per cent trichloroacetic acid and the protein precipitate was 
removed by centrifugation in the cold. The nucleotides were precipitated from the 
neutralized protein-free filtrate as the barium salt after addition of 10 mg. of pure 
ATP as carrier. The barium nucleotides were dissolved in dilute acid, the barium 
was removed with Amberlite resin IR-100, and the effluent chromatographed over a 
Dowex 1 column according to the procedure of Cohn and Carter (25). The ATP 
fraction isolated was again concentrated by precipitation as the Ba salt. Analysis 
with myosin ATPase and with 7 minute hydrolysis in 1 Nn HCI showed that both labile 
phosphate groups were equally labeled with P*?. Solution of the Ba ATP*® in dilute 
acid and removal of the Ba ion with IR-100 ion exchange resin gave stock preparations 
with less than 0.1 per cent of the total counts in the form of inorganic phosphate after 
being stored in the frozen state. 
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isotonic sucrose. The control mixture contained 2.5 ml. of 0.1 m Tris 
buffer, pH 7.4, 1 ml. of mitochondria-ATP® suspended in isotonic sucrose, 
and 6.5 ml. of 0.25 m sucrose. The reaction mixture had, in addition, 5.2 
mg. of mitochrome. After equilibration at 0° for 3 minutes, the mito- 
chondria were separated by centrifugation at 10,000 XX g, washed twice 
with 5 ml. of 0.25 m sucrose, and then suspended in 5 ml. of 3 per cent 
HClO,. The distribution of P* between inorganic and nucleotide phos- 
phate in the deproteinized filtrate was determined by measuring the radio- 
activity of the isobutyl alcohol-benzene and water phases obtained with 
the Martin and Doty (26) procedure for phosphate analysis. 

At 0° comparatively little ATP is split by mitochondria even in the 
presence of mitochrome. It is evident from Experiments C and D (Table 
V) that about 12 per cent of the total phosphate bound to mitochondria 
was analyzed as inorganic phosphate after acid denaturation of the mito- 
chondria. The rest remained as nucleotide phosphate. Since the ATP® 
used in the reaction contained less than 1 per cent inorganic P*, some of 
the ATP* must have been converted to a bound phosphate (#P). The 
addition of mitochrome to mitochondria-ATP® discharged from the mito- 
chondria about 70 per cent of +P and about 50 per cent of the phosphate 
bound as nucleotide. 

With the “static” equilibria relative to inorganic and nucleotide phos- 
phate on the mitochondrial surface approximately defined, the nature of 
phosphate bound to mitochondria during the dynamic equilibria that re- 
sult in dephosphorylation of ATP was of interest. Experimental condi- 
tions for the dynamic equilibria are easily attained by merely raising the 
temperature of the reaction of mitochondria with excess ATP® to 26°. 
The reaction mixtures in Experiments E and F (Table V) contained 2.5 
ml. of 0.1 m Tris buffer, pH 7.4, 1 ml. of mitochondria (4 mg. of protein 
N) suspended in isotonic sucrose, 1 ml. of ATP*® (12.4 wmoles), and 5.5 
ml. of isotonic sucrose. The reaction mixture of Experiment I’ had in 
addition 5.2 mg. of mitochrome. After the stipulated reaction times, the 
mitochondria were centrifuged and the total inorganic phosphate in the 
mixtures, as well as the phosphate bound on the mitochondria, were de- 
termined as described previously. The data obtained are summarized in 
Experiments E, F, F’, and IF” of Table V._ In the presence of excess ATP, 
with minimal net splitting to inorganic P, the nucleotide P and bound 
=P on mitochondria at 26° approximate the maximal values obtained at 
0° in the static state. With the addition of mitochrome, both inorganic 
P and nucleotide P are discharged from the mitochondria, accompanied 
by an increase in the total ATP hydrolyzed. As the reaction proceeds 
with time, although there is a 50-fold increase in the inorganic P split from 
ATP, the amount of nucleotide P and #P bound to the mitochondria, as 
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is well as the ratio of =P to nucleotide P, remains constant within the limits 
e, the experimental error. 
2 Mitochrome +P—The discharge of a bound P from mitochondria by 
)- mitochrome and the activation of ATP dephosphorylation by mitochondria 
e after the addition of mitochrome suggest the intermediate formation of a 
it phosphorylated mitochrome as one possible explanation for the catalytic 
5- effect of mitochrome. Many proteins bind ions in a non-specific or ‘‘sta- 
)- 
10.0 4 

e 3 
e 
a 
)- a|z 
2 

e Siwy 
ale 

-3.5 e-3.0 -2.5 -2.0 -I.5 

LOG [PHOSPHATE] UNBOUND 
- Fic. 8. Binding of inorganic phosphate by mitochrome. 2 ml. of solution con- 
e taining 14.3 mg. of mitochrome and 0.1 ml. of 0.054 m PO, (1485 e.p.m. per ml. = 
> 1 umole of PO,) were dialyzed against 50 ml. of phosphate buffer, pH 7.3, at varying 


5 phosphate concentrations in the presence and absence of 0.001 m MgCl. for 48 hours 
with shaking at 5°. The contents inside and outside the dialysis bags were analyzed 

u for inorganic phosphate and the radioactivity was determined on 1 ml. aliquots by 

>) counting under conditions of constant geometry. The data are reported as the 

n moles of phosphate bound per 100,000 gm. of mitochrome plotted as ordinate against 

e the log of the phosphate molarity outside the dialysis bag as abscissa. 

e 


tistical’? manner that depends on the nature of the protein and varies 
primarily with the ionic strength of the environmental media. A more 
specific type of ion binding similar to enzyme-coenzyme compound forma- 
tion takes place only at limited sites of the protein and changes the protein 
so uniquely that it takes on the characteristics of an active enzyme. The 
two types of protein and small molecule interaction are not necessarily 
exclusive of each other and may, in fact, act synergistically. With an 
anion-like phosphate, the possibility exists for a non-specific interaction of 
the ion with mitochrome as well as a specific interaction at a site or sites 
for the transfer of +P. The data presented in Fig. 8 demonstrate the 
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non-specific binding of phosphate by mitochrome both in the presence and 
absence of magnesium. Although this interaction would necessarily com- 
plicate any attempt to define by tracer techniques a mitochrome-phosphate 
compound formed in the dephosphorylation reaction, this difficulty is miti- 
gated by the fact that the adsorbed phosphate is dissociated from the 
mitochrome at concentrations less than 0.001 m and can be removed from 


TaBLeE VI 
Phosphate Bound to Mitochrome during ATP Dephosphorylation with Mitochondria 
Mitochrome Atoms P 
I P Mitoch * 
added to isolated | BoundP* | 
mg. mumoles myatoms 
1 0.0 0.7 1.33 1.1 0.83 
2 0.22 9.9 1.4 1.3 0.93 
3 0.66 69.0 2.1 2.8 1.33 
4 1.10 114.4 2.8 3.3 1.18 
5t 1.13 32.0 | 8.8 | 8.3 0.94 


Reactions in Experiments 1 to 4 were performed in 2.15 ml. of 0.157 mM sucrose and 
0.0233 m Tris buffer, pH 7.4, containing 3.7 umoles of ATP* (50,000 c.p.m. per watom 
of P), 6.5 mg. of mitochondria, and the mitochrome indicated. The reaction in Ex- 
periment 5 was performed in 4 ml. of 0.213 m sucrose and 0.0325 m Tris containing 6.65 
umoles of ATP (177,200 c.p.m. per watom of P). After 10 minutes incubation at 26°, 
the mitochondria were removed by centrifugation (15,000 K g) at 0° and the mito- 
chrome in an aliquot of the supernatant fluid was precipitated by adjusting the solu- 
tions to contain 0.05 m MgCl. and 20 per cent alcohol at 0°. The precipitate was 
centrifuged and washed on a pad of hardened filter paper with 0.05 m MgCl, and 20 
per cent alcohol until the counts in the filtrate reached background. The filter pad 
was air-dried and the radioactivity determined. Protein content of the sample was 
determined by micro-Kjeldahl analysis (13). 

* Corrected for protein and counts found with the isolation procedure for mito- 
chrome applied to zero time reactions of mitochondria in the absence of added mito- 
chrome. 

t The increased tonicity in this reaction mixture suppressed the diffusion of mito- 
chrome from mitochondria but also inhibited the rate of dephosphorylation. 


the protein. Isolation of mitochrome from the ATP-dephosphorylating 
reaction mixture after removing the mitochondria was accomplished by 
precipitating the protein at neutral or slightly acid pH in the presence of 
0.05 m Mg and 20 per cent alcohol. When this precipitation is performed 
in the presence of inorganic P*, the mitochrome can be washed free of 
adsorbed phosphate. 

The hypothesis of a mitochrome-phosphate intermediate became more 
plausible with the isolation from the ATP dephosphorylation reaction 
mixture with mitochrome of a protein with 1 atom of labeled phosphate 
per mole of mitochrome (Table VI). This composition was maintained 


~ 
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over a 5-fold concentration range of mitochrome with over a 100-fold in- 
crease in the splitting of P from ATP and under varying conditions of 
tonicity of the medium. Since the phosphate on the mitochrome could 
be recovered as inorganic phosphate after acid denaturation of the pro- 
tein, and since the compound was not formed in the absence of mitochon- 
dria and ATP, it seems reasonable to assume that mitochrome +P was 
implicated in the dephosphorylation of ATP. This assumption must be 
tempered by cognizance of the possibility that mitochrome +P may rep- 
resent a compound X-P that is released from mitochondria during the 
reaction and coprecipitates with the mitochrome. Until such a factor is 
demonstrated, the proposed hypothesis explains the data, albeit expedi- 
ently. 


DISCUSSION 


Because of their obvious implications in a concept of cellular energy use, 
attention has been directed toward those reactions which produce an 
“uncoupling” of phosphorylation from oxidation in intact mitochondria. 
Our experiments show that mitochrome, a protein component of mito- 
chondria, can act as an apparent “uncoupling” agent by activating a ‘“‘la- 
tent ATPase,” thereby inhibiting aerobic phosphorylation. The oxidative 
phosphorylation mechanism in mitochondria reacting with mitochrome 
remains essentially intact, since both recovery of phosphorylation and 
inhibition of ATPase activation are obtained when mitochrome rs combined 
with serum albumin. The external action of mitochrome on mitochondria 
might be interpreted, then, as the introduction of an alternative pathway 
for the transfer of phosphate. Sufficient evidence is available from the 
tracer experiments to offer a framework for the appraisal of this pathway. 

A simplified outline of the phosphate exchange equilibria on the surface 
of the mitochondrion is given in Fig. 9. Inorganic phosphate is rapidly 
taken up by mitochondria to form a bound phosphate (+P). The nature 
of this acid-labile phosphate bond is not known, but current views are that 
the phosphate is directly bound to protein (27). The point of interest is 
that mitochrome discharges this phosphate as inorganic phosphate pre- 
sumably via a phosphate-mitochrome compound. When ATP® is added 
to mitochondria, the P*? components bound to mitochondria are analyzed 
as ATP, ADP, and #P. Unless either =P or ADP is removed by some 
reaction, this apparent equilibrium might be considered as representative 
of a static state arising with mitochondria that show no ATPase activity. 
With the addition of mitochrome and the discharge of +P, the equilibrium 
would be displaced in the direction of inorganic P and a net dephospho- 
rylation of ATP would occur. In this way the addition of mitochrome or 
the diffusion of mitochrome from mitochondria into the reaction media 
would, in effect, account for a “latent ATPase.” 
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Albumin probably inhibits the decomposition of ATP by blocking the 
dephosphorylation of mitochrome +P by mitochondria. Apparently the 
albumin-mitochrome interaction does not stop the transfer of +P from 
mitochondria, since labeled mitochrome +P can be separated from reac- 
tion mixtures containing albumin. However, the breakdown of mito- 
chrome #P to inorganic phosphate by mitochondria does not take place 
in the presence of albumin. A possible explanation is that albumin pre- 
vents the interaction of the mitochrome +P with dephosphorylating sites 
on the mitochondria by steric hindrance or by a masking of functional 
groups on the protein. The activation of ATP dephosphorylation by 
mitochrome is also inhibited when the reactions are carried out in isotonic 


DEPHOSPHORYLATION 
PHOSPHORYLATION 
Mitochondrial Surface 
Media 1 Media 
Pinorg. $¢P + ADP ATP, ATP; ADP 
Blocked by 
Albumin” ~ 1° ~~~ [Mitochrome] [Hexokinase] 


Fic. 9. A scheme for the external action of mitochrome on the phosphate exchange 
equilibria of mitochondria. Symbols are defined in footnote 1. 


sucrose, suggesting that the dephosphorylation sites on the mitochondrion 
are less available under these conditions. It seems reasonable that these 
same sites are also made unavailable to the mitochrome by serum albumin 
when the reactions take place in the hypotonic solutions necessary to 
demonstrate maximal ATP splitting. 

By establishing conditions for the removal of electrons from substrates 
and for the passage of these electrons a ong the electron transport chain of 
mitochondria, the reaction equilibria outlined in Fig. 9 are shifted in the 
direction for the conversion of inorganic phosphate to ATP. This is en- 
hanced when hexokinase is added to minimize the back-reaction by trap- 
ping phosphate as glucose 6-phosphate. It would appear, then, that hex- 
okinase and external mitochrome act in opposition to each other. By 
discharging +P and nucleotide from the surface of the mitochondrion, 
mitochrome would make ATP less available for the hexokinase reaction 
and effect a decrease in oxidative phosphorylation efficiency. Conversely, 
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the same factors that inactivate ATP dephosphorylation when albumin 
is combined with mitochrome (7.e. shift equilibrium to the right) also op- 
erate to reestablish phosphorylation efficiency. 

Although the isolation of mitochrome made possible studies in vitro that 
helped explain certain properties of isolated mitochondria like the rapid 
loss of phosphorylation efficiency and the introduction of a “latent ATP- 
ase,” it also opened the question of the physiological function of this new 
heme protein. Mitochrome exists primarily within mitochondria. It is 
difficult to conceive of its function there as an activator of ATP dephos- 
phorylation, and it seems more reasonable to ascribe the external action of 
mitochrome to the fortuitous interaction with enzymes from which it 
is normally shielded. Instead, the presence of a heme group that can be 
reduced and reoxidized and its apparent involvement in a high energy phos- 
phate transfer mechanism suggest that mitochrome may play an important 
role in the utilization of energy from the respiratory enzymes within 
mitochondria that is of greater interest and importance than its external 
action on mitochondria. 


SUMMARY 


A new chromoprotein, mitochrome, released from mitochondria after 
aging or other degradative processes, was isolated in purified form. From 
measurements of the partial specific volume, the diffusion constant, and 
the sedimentation constant, the molecular weight of mitochrome was esti- 
mated at 107,000 in agreement with the value of 102,000 calculated from 
the iron content of 0.055 per cent, assuming 1 atom of iron per mole of 
mitochrome. 

Electrophoretic studies indicated a single component protein over the 
pH range both on the acid and alkaline side of the isoelectric point at pH 
5.1. 

Spectrophotometric analysis revealed two dominant bands for mito- 
chrome at 280 and 410 my. The heme component was reduced by Naz- 
8.0, with a concomitant shift of the absorption maximum to 422 mu. 

Electrophoretic and sedimentation experiments furnish evidence for a 
protein-protein interaction between mitochrome and serum albumin. 

Equilibrium dialysis experiments indicate a binding of phosphate by 
mitochrome that depends on the concentration of the phosphate ion. 

The addition of mitochrome to mitochondria reacting with substrate 
and hexokinase in a manner to demonstrate aerobic phosphorylation pro- 
duced an inhibition of the amount of phosphate esterified that was propor- 
tional to the amount of mitochrome in the reaction. This inhibition was 
released by serum albumin. 

The addition of mitochrome to mitochondria under anaerobic conditions 
with adenosine triphosphate as a substrate caused a net dephosphorylation 
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of adenosine triphosphate to inorganic phosphate. This activation was 
inhibited by serum albumin. 

Kinetic and radioactive tracer studies are interpreted to indicate that 
mitochrome functions as an activator for adenosine triphosphate dephos- 
phorylation by discharging both phosphate and nucleotide from the 
surface of the mitochondria. The phosphate discharge takes place presum- 
ably through the intermediate formation of a phosphate-mitochrome com- 
pound. ‘These reactions suggest that mitochrome acts externally on mito- 
chondria by introducing an alternative pathway for the flow of high energy 
phosphate. 
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THE METABOLISM OF HISTIDINE 
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Histidine is unique among the commonly occurring amino acids in that 
a major route (1) of its catabolism in the animal organism involves direct 
removal of the amino group to form an unsaturated compound, urocanic 
(imidazoleacrylic) acid, and ammonia. This may be considered as straight 
deamination in contrast to oxidative deamination and transamination re- 
actions which have been described for most amino acids. In the latter 
reactions, riboflavin derivatives (2) and pyridoxal phosphate (3), respec- 
tively, have established coenzyme roles. Little is known, however, of the 
part that vitamin B derivatives play in straight deamination of amino 
acids. 

Biotin has been implicated as a cofactor of bacterial enzyme systems by 
which aspartic acid is deaminated to form fumaric acid (4). The action 


_ of aspartase in bacteria is analogous to that of histidase in mammalian and 


other species: 
R—CH,—CH—COOH R—CH—=CH—COOH + NH; 


where 
R = HOOC— in aspartic acid (aspartase) 


R = HC=—C— in histidine (histidase) 


N NH 


\ 
C 


H 
Thayer and Horowitz (5) reported a several fold increase in the amount 
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of L-amino acid oxidase produced by Neurospora grown in the presence of 
limited, as compared with higher, concentrations of biotin. The oxidase 
was more active toward histidine than toward other amino acids tested. 

In view of these relationships of biotin and of the multiple role of vitamin 
B, derivatives in amino acid metabolism, it was of interest to investigate 
the effects of deficiencies of each vitamin on liver enzyme systems con- 
cerned with the straight deamination of histidine. In addition to histidase 
and urocanase, levels of aspartic-glutamic transaminase and rhodanese 
were measured. Rhodanese, which is not known to be linked to any ma- 
jor metabolic process, was assayed as an index of possible effects of the 
vitamin deficiencies on enzyme protein synthesis. The levels of trans- 
aminase provided an estimate of the degree of vitamin Beg deficiency in 
the tissues of the animals fed diets lacking in this vitamin. 

From these studies, evidence has been obtained that an adaptive in- 
crease in liver histidase accompanies depletion of vitamin Bg or biotin in 
the tissues of the rat. It was also found that histidase, urocanase, and 
rhodanese activities per gm. of liver increase during normal growth. 


EXPERIMENTAL 


Pyridoxine Defictency—Male, white rats of the Wistar strain (initial 
weight, 40 to 50 gm.) were fed a high protein (40 per cent casein) diet, 
devoid of pyridoxine, which contained deoxypyridoxine and isoniazide. 
The diet contained, in addition to the casein, in gm. per 100 gm., sucrose 
45.8, powdered cellulose 5, salts (6) 2, corn oil 4, cod liver oil 2, choline 
0.2, and vitamin mixture 1. In the vitamin mixture for the control ani- 
mals were 50 mg. each of pyridoxine hydrochloride, thiamine hydrochloride, 
and riboflavin, 20 mg. each of biotin and folic acid, 200 mg. each of niacin, 
calcium pantothenate, and p-aminobenzoic acid, 20 gm. of inositol, and 
powdered sucrose to make 100 gm. The vitamin mixture used in the diet 
for the deficient animals was the same, except that pyridoxine was omitted 
and 100 mg. each of deoxypyridoxine and isoniazide were added per 100 
gm. ‘The intake per 10 gm. of food was thus 50 7 of pyridoxine hydrochlo- 
ride or 100 y of both of the antagonists. After 18 days of feeding of the 
deficiency diets, the usual symptoms (7) of pyridoxine deficiency were 
observed. The animals were killed at intervals during the following 10 
days. 

One group of animals was fed ad libitum up to a maximum of 10 gm. of 
food per day per rat. A second group was pair-fed. Several animals 
died in severe deficiency states. Data were obtained from ten control and 
five deficient animals fed ad libitum and from eight pairs of the pair-fed 
group. 

Since the mean body weight of the deficient animals, at the time of 
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death, was less than half that of the control rats (54 gm. versus 115 gm. in 
the pair-feeding experiment), groups of normal rats of similar weight ratios 
were also studied. Twelve rats each were fed 10 gm. per day of the con- 
trol diet. Four of these animals were killed during 1 week to provide a 
group of average weight of 75 gm.; the remainder were killed 2 or 3 weeks 
later, at which time the mean body weight was 164 gm. 

Biotin Deficiency—Other male rats (initial weight 40 to 48 gm.) were 
fed diets similar to that described for the pyridoxine-control animals, except 
that casein was replaced by commercial dried raw egg white. Biotin was 
omitted from the vitamin mixture used in preparation of the deficient diet 
for half of the rats. The remainder served as controls and were given 40 
y of biotin by intraperitoneal injection three times a week during the ex- 
perimental period. The animals were pair-fed. After 7 weeks of dietary 
control, those which received no biotin exhibited various signs of biotin 
deficiency (8). Data were obtained from nine pairs. The average of the 
weights of the deficient animals at time of death during the 8th week was 
122 gm.; that of the control animals, 146 gm. 

Assay Procedures—The rats were killed by decapitation. <A portion of 
liver was taken for determination of total nitrogen (Kjeldahl method) and 
of dry weight (overnight at 105°). The remainder was ground with 5 
volumes of cold 1 per cent KCl solution per gm. of tissue in a Potter- 
Elvehjem homogenizer immersed in an ice bath. After removal of an ali- 
quot for rhodanese determination, the homogenate was centrifuged at 
6000 X g for 10 minutes at 0°. Histidase, urocanase, and aspartic-glu- 
tamic transaminase were measured in the supernatant fluid. 

The maximal rates of formation (at pH 9.2) and of disappearance (at 
pH 7.4) of urocanic acid, as measured at 277 my, the absorption maximum 
of the latter, were used to determine histidase and urocanase levels, re- 
spectively. Portions of supernatant material (0.05 or 0.10 ml.) were incu- 
bated with histidine or urocanic acid and buffer in 1 cm. Beckman cells 
as described by Mehler and Tabor (1). 

For determination of transaminase activity, the coupled reaction scheme 
was utilized in which the rate of oxalacetate formation is followed by con- 
version of the latter to malate in the presence of excess malic dehydrogenase 
with the concomitant oxidation of reduced diphosphopyridine nucleotide 
(DPNH). The rate of disappearance of DPNH was measured at 340 mu. 
The procedure and reagents were essentially those described by Karmen 
(9) for determination of serum transaminase, except that 2.0 ml. of 0.1 mM 
phosphate buffer, pH 7.4, were used in a total volume of 3.0 ml. 0.1 ml. 
of a solution made by diluting the supernatant fluid 25-fold was used in 
place of serum. 

For assay of histidase, urocanase, and aspartic-glutamic transaminase, 
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the temperature of incubation was 28°. Increase in temperature due to 
heat output from the hydrogen lamp of the Beckman DU spectrophotom- 
eter was minimized by insertion of the standard test tube attachment 
between the light source and cuvette holder. Preparations from deficient 
and corresponding control animals were usually analyzed simultaneously 
or within 1 hour of each other. 

Rhodanese activities were measured by the colorimetric method of Cosby 
and Sumner adapted by Rosenthal et al. (10), modified as suggested by 
Rosenthal and Vars (11) by the use of 0.1 mM 2-amino-2-methy]-1 ,3-pro- 
panediol sulfate buffer, pH 8.8. 0.1 ml. portions of one to five dilutions 
of the whole homogenates were used for analysis. ‘Temperature of incu- 
bation for rhodanese was 20°. 

Urocanic acid was made by enzymatic deamination of histidine with 
preparations from histidine-adapted strains of Pseudomonas fluorescens (1, 
12). The molar extinction coefficients (at 277 mu) of the products ob- 
tained from several runs were between 18,500 and 18,600. In subsequent 
calculations, the latter figure was utilized for histidase and urocanase, and 
the extinction coefficient for reduced diphosphopyridine nucleotide re- 
ported by Horecker and Kornberg (13) was used for transaminase activi- 
ties. 

Enzyme activities were calculated in terms of micromoles of substrate 
destroyed per minute per gm. of liver, a unit being the amount of enzyme 
which catalyzes the destruction of appropriate substrate at the rate of 1 
umole per minute under the conditions used. Differences between the 
groups of animals were similar, whether activities were expressed as units 
per gm. of wet or dry weight or of total nitrogen of liver, or were based 
upon the protein content of the supernatant fluid from the homogenates. 
The averages of the dry weights of liver tissues from the pyridoxine-defi- 
cient rats and their pair-fed controls and from the biotin-deficient rats and 
the pair-fed controls were respectively 30.9, 29.3, 31.3, and 31.9 per cent; 
corresponding values for per cent total nitrogen were 3.67, 3.76, 3.85, and 
3.90; averages for protein content of supernatant fluids, determined ac- 
cording to Lowry et al. (14), were 18.2, 18.1, 19.3, and 18.4 mg. per ml., 
respectively. 


Results 


In Table I is a summary of the data obtained for histidase, urocanase, 
aspartic-glutamic transaminase, and rhodanese in the livers of vitamin 
B,-deficient and control rats. Only histidase and urocanase were deter- 
mined in the livers of the animals fed ad libitum. The results were so 
similar to those obtained with the pair-fed rats that they are presented 
together in Table I. Due to manipulative losses, values for aspartic- 
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glutamic transaminase and rhodanese were available from only seven of 
the eight pairs of rats of the pair-feeding experiment. 

The levels of histidase in the livers of the deficient animals are signifi- 
cantly greater than in livers of control rats. The depressed levels of trans- 
aminase are regarded as evidence of decreased effective amounts of tissue 
pyridoxal phosphate. The similarity of rhodanese and urocanase concen- 
trations in both groups is interpreted to mean that liver enzyme protein 
synthesis was not generally affected by lack of pyridoxal phosphate. 

Although the deficient animals were of the same age as the control rats, 


TABLE I 
Enzyme Levels in Livers of Vitamin B,y-Deficient and Control Rats 
Enzyme Diet Ls J Range Mean Pt 
unils per gm.t units per gm. 
Histidase Control 18 0.232-0.426 0.315 <0.01 
Deficient 13 0.244-0.702 0.415 
Urocanase Control 18 0.298-0.517 0.377 >0.05 
Deficient 13 0.236-0.458 0.362 
Aspartic-glutamic| Control 7 36.1-77.0 51.6 <0.01 
transaminase Deficient 7 10.6-21.4 18.1 
Rhodanese Control 7 496-731 605 >0.05 
Deficient 7 480-623 547 


* These numbers include both rats which were fed ad libitum and those which were 
pair-fed for histidase and urocanase, and pair-fed rats for transaminase and rhoda- 
nese. 

t Probability level according to Fisher’s ‘‘t’’ test (15). 

t Micromoles of substrate destroyed per minute per gm. of liver (see the text): 
histidase, pH 9.2, 28°; urocanase, pH 7.4, 28°; transaminase, pH 7.4, 28°; rhodanese, 
pH 8.8, 20°. 


they weighed considerably less. The elevated levels of liver histidase, 
however, cannot be ascribed to differences in body weight. As shown in 
Table II, concentrations of this enzyme, as well as of urocanase and rho- 
danese, are normally lower in smaller than in larger (older) rats. Aspartic- 
glutamic transaminase activities per gm. of tissue did not change signifi- 
cantly with age during the period studied. 

In Table III are comparable data for biotin-deficient and pair-fed con- 
trol rats. Histidase levels were also somewhat elevated in the livers of 
animals deficient in biotin. The differences are significant at a probability 
level of between 1 and 5 per cent, according to Fisher’s ‘‘t’’ test (15). 
Urocanase, aspartic-glutamic transaminase, and rhodanese activities were 
not significantly different from control values. 
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TaBLeE II 
Enzyme Content of Rat Liver 


Aspartic- Total 

Weight of rat Histidase Urocanase Rhodanese 
gm. unil per gm.* unit per gm. unils per gm. unils per gm. per cent 
64 0.188 0.184 53.4 363 2.71 
71 0.230 0.294 46.8 483 3.49 
80 0.221 0. 267 61.2 517 3.53 
87 0.184 0). 267 58.4 361 3.13 

Mean..... 0.206 0.253 55.0 431 3.22 
142 0.291 0.348 66.7 575 3.66 
148 0.392 0.405 47.9 799 3.84 
148 0.396 0.524 58.0 834 3.98 
164 0.315 0.353 42.8 651 3.48 
174 0.304 0.396 51.6 549 3.44 
176 0.322 0.396 44.9 578 3.40 
180 0.386 0.469 55.7 750 3.95 
183 0.386 0.405 49.9 674 3.67 

Mean..... 0.349 0.412 52.2 676 3.68 


* Micromoles of substrate destroyed per minute per gm. of liver (see the text): 


histidase, pH 9.2, 28°; urocanase, pH 7.4, 28°; transaminase, pH 7.4, 28°; rhodanese, 


pH 8.8, 20°. 


TaBLeE III 
Enzyme Levels in Livers of Biotin-Deficient and Pair-Fed Control Rats* 
Enzyme Diet Range Mean | Pt 
units per gm.t units per gm. 

Histidase Control 0.171-0.325 0.241 <0.05, >0.01 
Deficient 0. 208-0. 462 0.303 

Urocanase Control 0.213-0.342 0.284 >0.05 
Deficient 0.207-0.421 0.314 

Aspartic-glutamic Control 26 .5-80.9 50.7 >0.05 

transaminase Deficient 40.5-74.2 57.1 

Rhodanese Control 557-750 669 >0.05 

Deficient 468-744 645 


* Nine pairs. 
t Probability level according to Fisher’s ‘‘t’’ test (15). 


t Micromoles of substrate destroyed per minute per gm. of liver (see the text): 
histidase, pH 9,2, 28°; urocanase, pH 7.4, 28°; transaminase, pH 7.4, 28°; rhodanese, 


pH 8.2, 20°. 
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The disparity between mean enzyme concentrations in the livers of the 
two sets of control animals of the vitamin Bg, and biotin deficiency studies 
ca is believed to be related to the dietary protein sources used. This question 
will be considered in a subsequent paper. 


DISCUSSION 


Dietary vitamin Bg is required for maintenance of the liver enzyme 
system by which histidine undergoes transamination in the rat (16). The 
observed elevation in histidase levels in the livers of the pyridoxine-deficient 
animals is interpreted as an adaptive increase in this enzyme which cata- 
lyzes straight deamination in response to denial of a route of degradation 
re of histidine which is pyridoxal phosphate-dependent; 7.e., transamination. 

The increase in histidase levels in the livers of rats made deficient in 
biotin is analogous to the adaptive increase in L-amino acid oxidase pro- 
duction by Neurospora grown in media which contained limited amounts 
of this vitamin. These findings would seem to implicate biotin in some, 
as yet undiscovered, role in amino acid metabolism. 

In early work, Edlbacher and Becker (17) observed increased levels of 
histidase in livers of thiamine-deficient animals. Conflicting reports (18, 
19) have appeared from Japanese workers as to the effect of folic acid in 
- activation of partially purified preparations of liver histidase. Ichihara 
et al. (20) have reported a summary of experiments in which liver histidase 
” was decreased in rats fed diets containing Aminopterin or which were low 
in folic acid. Addition of folic acid and glutathione to crude enzyme prep- 
arations from these animals restored activity to levels found in control 
rats. The data were based upon disappearance of histidine in various 
incubation mixtures rather than on the rate of formation of urocanic acid. 

It is of interest that histidase, urocanase, and rhodanese are increased 
to a greater extent than the total liver nitrogen during rapid growth, 
: whereas aspartic-glutamic transaminase levels remain unchanged. The 

observed increase in histidase is in agreement with the findings of Ross 

and Ely (21). Cohen and Hekhuis (22) found higher levels of transaminase 

in the livers of older, as compared with younger, cats. Beaton et al. (23) 
reported that liver aspartic-glutamic transaminase levels increased with 

age; however, the rats in their study were older (72.e., weighed more initially) 
| than the ones used in the present work. 


SUMMARY 


1. Significantly elevated levels of histidase accompanied decreased levels 
of aspartic-glutamic (and presumably of histidine) transaminase in the 
livers of vitamin Be-deficient rats. Urocanase and rhodanese concentra- 
tions were little different from control values. 
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2. Liver histidase levels were also higher in biotin-deficient than in cor- 
responding control rats (with a difference significant at a probability level 
of between 5 and 1 per cent). No significant difference was noted in 
aspartic-glutamic acid transaminase, in urocanase, or in rhodanese concen- 
trations. 

3. Concentrations of liver histidase, urocanase, and rhodanese, but not 
of aspartic-glutamic transaminase, increase during rapid growth of the rat. 

4. Changes in enzyme activity are discussed in terms of metabolic adap- 
tation to depletion of tissue cofactors. 
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In an earlier paper (1) we discussed the infrared absorption spectra of 
some lipoproteins and related lipides, and described a crude analytical 
procedure which included infrared spectrophotometric measurements of 
the main lipoprotein constituents which were separable by simple solvent 
extraction. To place this method on a firmer, more useful basis, one of 
the steps proposed was to achieve a better separation of the lipide com- 
ponents by the use of chromatography. We have attempted this with 
use of silicic acid-Celite adsorption columns in essentially the manner 
described by Borgstrém (2). Analysis of the eluted fractions by infrared 
absorption measurements provides a useful complement to the chromato- 
graphic separation, and the combination of these two techniques provides 
an integrated system of lipide analysis. Brief outlines of the method have 
been given elsewhere (3, 4), and the results obtained in the study of 
lipoprotein composition have also been presented (5). 

The method is capable of yielding much information from a single 
relatively small lipide sample by the use of a set of uniform operations. 
For appropriate purposes, and with due consideration of the requirements 
of accuracy, it can replace several separate chemical determinations; 2.e., 
total fatty acids, free fatty acids, total cholesterol, free cholesterol, and 
lipide phosphorus. In so far as degradation can be avoided during han- 
dling, the method is non-destructive of the lipide components, which are 
still available for other investigations or tests. We have applied the 
procedure with some success in studying the compositions of samples as 
small as 5 mg. of total lipide extracted from serum or from serum fractions 
and further reduction in scale appears to be possible. 

The accuracy obtainable is subject to some variation among the various 
components, depending on the amount present and, to some extent, on the 
composition of the mixture. Specific factors bearing on the accuracy will 
be pointed out later, but it may be indicated here that +10 per cent is a 
rough working estimate for the probable error for any component present 
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to the extent of at least 0.5 mg. and which comprises more than 10 per 
cent of the total lipide. 

If a measurement of only one lipide component (e.g. cholesterol) is desired, 
the present method offers no advantage over established chemical methods. 
Glycerides may be an important exception, however, since they are mea- 
sured directly as esters in a fraction from which other classes of esters have 
been separated. 

The estimation of total phosphatides in serum has been reasonably con- 
sistent with lipide phosphorus determinations. Work is in progress on a 
detailed analysis of this class of lipides, and information should be obtained 
relative to the validity of this measurement for more variable types of 
phosphatide distributions. Until such information becomes available, 
the application of this method to other lipide systems, such as tissue 
extracts, should be made with caution. 


EXPERIMENTAL 


The procedure will be described for the treatment of a1 ml. serum 
sample, ordinarily yielding 5 to 10 mg. of total lipides. Tor larger samples 
the operations should be scaled up proportionately with respect to size of 
column, quantity of adsorbent, and volumes of extracting and eluting 
solvents. (A 2-fold variation in amount of lipide for a given set of column 
conditions is apparently tolerable with respect to the quoted over-all 
accuracy of the method.) 

Materials—All solvents used were of good reagent grade. Ethyl! ether 
was freed from peroxide. The Celite was analytical Filter-Aid, Johns- 
Manville. The silicic acid was c.p. precipitated. 

Purity of solvents can be checked by recording the infrared spectra of 
their non-volatile residues. Complete solvent blanks may also be run and 
the absorbances determined at the analytical wave lengths for each eluted 
fraction. Corrections may be applied if necessary, or further purification 
carried out if indicated. 

The adsorbent is prepared by sifting and mixing together thoroughly 2 
parts (by weight) of silicic acid and 1 part of Celite, washing the mixture 
with methanol, drying it, and finally heating it to 120° for 24 hours. It 
may be stored in a closed vessel or, preferably, in a desiccator. 

Extraction of Lipides—Any method which extracts the lipides completely 
would presumably be satisfactory, except that, in order to attain complete 
extraction, considerable amounts of non-lipide substances are also extracted. 
Excessive amounts of such impurities are undesirable, and some provision 
should be made for removing them. The two-phase method described 
below appears to be satisfactory in removing these impurities, and it also 
allows acidification to insure that free fatty acids are extracted in the 
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carboxyl form. (If the latter consideration is of no interest, acidification 
may be omitted.) 

The procedure is as follows: 4 ml. of methanol are measured into a clean 
40 ml. screw-capped vial, the cap being lined with a thin disk of polyethyl- 
ene or Teflon. 1 ml. of serum is pipetted slowly into the methanol, which 
is gently shaken and swirled. The vial is placed in a hot water bath or 
heating block at 50—60° for about 15 minutes. After cooling, 5 ml. of water 
and 20 ml. of ethyl ether are added. The vial is then tightly capped and 
shaken in a mechanical shaker for 4 minutes. The phases are separated 
by centrifugation and the ether layer is siphoned off into a 125 ml. Erlen- 
meyer flask. The aqueous layer is acidified with 6 drops of 6 N HCl, and 
the extraction is twice repeated with 15 ml. of ethyl ether. The combined 
ether extracts are evaporated to dryness at room temperature. The 
maintenance of a nitrogen atmosphere during this and subsequent evapora- 
tions does not appear to be necessary for the present level of accuracy but 
is a desirable precautionary measure, especially if tests other than infrared 
measurements are contemplated (see “Results and discussion’’). 

Chromatography—F or a 5 to 10 mg. lipide sample, the type of adsorption 
column used consists of a vertical glass tube about 15 cm. long and 5 mm. 
in inner diameter, with the lower end drawn to a fine tip and plugged with 
glass wool. The adsorbent (0.25 to 0.30 gm.) is added most conveniently 
as a thin suspension in hexane. The amount can be controlled with 
sufficient accuracy by determining the required column height (about 
35 mm.) and adjusting it to that level. Packing is accomplished by the 
application of pressure from a rubber bulb or from a low pressure nitrogen 
or air line. During this step, and throughout the remainder of the chro- 
matographic operation, the solvent level should not be allowed to fall 
below the top of the adsorbent bed. The sample is transferred quantita- 
tively to the column with three or four small portions of hexane. The 
final rinsing of the flask may be made with the first elution solvent, 5 per 
cent chloroform in hexane. 8 ml. of 5 per cent chloroform in hexane are 
then passed through the column to elute Fraction I, which is collected 
in a 15 ml. centrifuge tube. (For this sized column we have found it 
convenient to couple the top of the tube to a 10 ml. syringe contain- 
ing the required volume of solvent. The coupling consists of a rubber se- 
rum bottle closure which fits the top of the tubing asa cap. This is pierced 
with a short hypodermic needle and mounted in a plastic frame in the 
proper orientation, sothat the column fits on the under side with the needle 
projecting a short distance down into it. The syringe is fitted to the 
needle from above and is held in vertical alignment by a ring or clip. A 
small brass weight, recessed on the bottom to fit over the plunger of the 
syringe, serves to apply pressure to the column. Since the system is closed, 


yf 
e 
n 
r 
f 


452 SERUM LIPIDE 


the solvent in the column stops flowing after the plunger reaches the bot- 
tom of the cylinder. Accidental drying out of the adsorbent is thereby 
effectively prevented, and close attention to the solvent level is not 
required.) 

After the elution of Fraction I, Fraction II is eluted with 8 ml. of CHC). 
Fraction III is eluted into a third tube with 8 ml. of methanol. All the 
fractions are evaporated to dryness under a hood at a temperature not 
exceeding 50°. A current of nitrogen may be used to hasten the evapora- 
tion. Fraction III is often contaminated with a small amount of adsorbent 
particles from the column which may become evident before or during evap- 
oration. This is removed by centrifugation after about half of the meth- 
anol has evaporated. After evaporation, it is necessary to rinse down the 
walls of the tubes carefully with small amounts of chloroform and again to 
evaporate to dryness. If it is not possible to proceed with the infrared 
measurements within a few hours, the samples should be stored in a vac- 
uum desiccator. 

Infrared Measurements—All of our measurements have been made with 
a Baird Associates double beam recording spectrophotometer equipped 
with a sodium chloride prism. The absorption cell used has an optical 
path of 0.9 mm. and a volume of 0.15 ml. 

For infrared measurement, the sample (eluted fraction) is brought into 
solution in a known volume of carbon disulfide,! and transferred to the 
absorption cell. The measurement of solution volume is made in one of 
two ways, depending upon the sample size. The larger samples, amounting 
to about 2 mg. or more, are quantitatively transferred to calibrated volu- 
metric tubes of 0.5, 1.0, or 2.0 ml. capacity by using capillary pipettes and 
small volumes of carbon disulfide. With the smaller samples (1 mg. or 
less), a graduated 0.2 ml. pipette can be employed as the measuring device. 
Approximately 0.2 ml. of carbon disulfide is added to the sample in the 
centrifuge tube, and the tube is swirled and agitated. The solution is 
drawn up completely into the pipette, the volume is noted, and the cell is 
filled directly from the pipette. It is helpful to have the tip of the pipette 
drawn or ground to a size to fit the cell opening. The pipette is operated 
by a 0.25 ml. syringe to which it is connected by plastic tubing. 

The spectrum of each eluted fraction, in a measured volume of CS, is 
recorded from 5 to 11 uw. Over the bands whose absorbances are to be 
measured, the scanning rate should be slow enough to allow full response 
of the recorder. In our instrument, speeds of 2 to 3 minutes per micron 
have been used. The use of a cell containing pure solvent in the reference 
beam is optional, since, for the desired precision, it is necessary in either 
case to run background curves of solvent contained in the sample cell. 


1 All operations with CS. should be carried out under a hood. 
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Absorbances at the specified absorption maxima are calculated in the 
customary way as logio (7'0/7',.), where 7>= transmittance of the solvent 
and 7',= transmittance of the sample solution. 

Typical spectra obtained for the chromatographic eluates of a serum 
lipide sample are shown in Fig. 1. (The region from about 6 to 7.5 yu is 
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Fig. 1. Infrared spectra of serum lipide fractions eluted from silicic acid-Celite; 
cell thickness, 0.9 mm. A, solid line, Fraction I; cholesteryl esters, 5.2 mg. in 1.0 
ml. of CS2; broken line, CS: transmission curve. B, solid line, Fraction II; 
glycerides, 0.87 mg.; free fatty acids, 0.36 mg.; cholesterol, 1.53 mg.; volume of CS2, 
0.2 ml.; broken line is a similar fraction in which free fatty acids are not present in 
sufficient amounts to give a discrete band at 5.854. C, Fraction III; phosphatides, 
2.28mg.in0.5ml.ofCS:. Thelowercase letters indicate the principal bands used for 
measurement. 


obscured by a strong absorption band of CS, and has been deleted.) The 
dotted curve in Fig. 1, A is the solvent transmission curve. 

Fraction I (Fig. 1, A) consists of cholesteryl esters. Their concentration 
is determined by measuring the peak absorbance of either the 5.8 » band 
or the 8.55 » band and reading from the appropriate calibration curve 
(absorbance versus concentration, see below). 

Fraction II (Fig. 1, B) contains glycerides, unesterified fatty acids, and 
unesterified cholesterol. For three components it is necessary, in general, 
to use three absorption bands, each calibrated for all three components. 
In this instance the problem is simplified in that the absorption of choles- 
terol at 5.75 and 5.85 uw is extremely small and can be neglected. These 
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two absorption bands can therefore be used to calculate fat (glycerides) 
and fatty acids as a two-component system. This is most conveniently 
done by means of linear simultaneous equations (see Mellon (6)), provided 
the Beer’s law relationship holds. Briefly, the calculation involves first 
writing the equations for the absorbances A, and A: (at wave lengths 1 
and 2) as functions of the concentrations and the slopes (a = A/C) of the 
calibration curves. 


Ay = + ai2C2 
Az = + 


The cell thickness is a constant term implicit in all of the a values. 

Solution of these equations gives explicit expressions for the concentration 
in terms of the measured absorbances and a set of constants derived from 
the a values. 


C, = kiAi + 
= k3Ai + 
If we substitute a typical set of calibration values, the equations become 
As2s,4 = 0.100 Cr + 0.016 Cra 
As.ss, = 0.009 Cp + 0.166 Cra 
where Cr= concentration of fat and Cra= concentration of fatty acids. 


The solutions in terms of numerical constants and measured absorbances 
are 


Cr = 10.07 As.75 0.97 As.n5 
Cra = —0.55 As.25 + 6.09 As.s5 


Such a set of equations need be obtained only once for a given set of 
calibration data and may be used as long as the slopes of the A versus C 
curves do not change. 

After determining the concentrations of fat and fatty acids, the contribu- 
tions of these two components to the absorbance at 9.5 yw are calculated 
from their calibration curves at that wave length. These quantities are 
applied as corrections to the measured absorbance of the cholesterol peak. 
In the particular cell for which the above calibration data were obtained, 
the A/C values at 9.5 uw were 0.010 and 0.006 for fat and fatty acids, re- 
spectively. Thus, for example, 


Agy.s (corrected) = Ag.5 (measured) — 0.01 Cr — 0.006 Cra 


By using this corrected value, the concentration of cholesterol can be found 
from its calibration curve. The low order of accuracy in the determination 
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of this component results partly from the fact that the measured absorbance 
at 9.5 w is usually small (for the conditions described), and partly from the 
necessity for applying a double correction. 

If the amount of free fatty acids is so small that no absorption peak at 
5.85 uw is resolved from the glyceride band, the measurement of absorbance 
at that point becomes inaccurate. However, it is possible to make an 
estimate of the upper limit of free fatty acids and ignore their contribution 
to the glyceride band at 5.75 yu. The absorbance of that band can be used 
directly for the estimation of glycerides from the appropriate calibration 
curve. Only one correction need then be applied to the 9.5 u cholesterol 
band. 

Fraction III contains the phosphatides, and their total concentration is 
determined from the absorbance of the 9.35 » band. 

Once the concentration of any component in the cell has been found from 
the infrared measurements, that value is multiplied by the volume of CS, 
used. This gives the actual weight of that component; 7.e., the weight of 
the component = the concentration in cell XK volume of CS:. The con- 
centration of the component in the original sample, e.g. in mg. per 100 
ml., is given by mg. per cent = (mg. X 100)/(volume of sample). 

Calibration—The spectra of the substances used as reference standards 
are shown in Figs. 2 and 3, A. The principal calibration bands are indi- 
cated by lower case letters, which serve to identify the bands with the 
corresponding ones in the lipide fraction spectra in Fig. 1 and with the 
calibration curves in Fig. 4. 

In order to prepare calibration curves (absorbance versus concentration), 
it is necessary to choose some representative lipide of each class as a 
standard and to demonstrate that reasonable or anticipated variations in 
structure or fatty acid composition do not strain the limits of accuracy 
imposed by other methodological factors. Of the components being 
measured, only cholesterol can be dealt with as a specific chemical com- 
pound. 

With fatty acids, for example, one uses the 5.85 uw absorption band, 
which is a measure of carboxyl groups. Hence it is necessary, just as in 
titration, either to express the results on a molar basis or to make assump- 
tions about the nature of the mixed fatty acids and their average molecular 
weight. We have chosen the latter alternative in using oleic acid as a 
calibration substance since its molecular weight is reasonably close to an 
average for the fatty acids found in extracted serum lipides. We have 
verified that calibration curves for lauric, palmitic, stearic, and elaidic 
acids are all in substantial agreement with the oleic acid curve when their 
slopes are adjusted by using molecular weight ratios as multiplying fac- 
tors. 
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Similarly, the 5.75 and 5.8 yu carbonyl absorption bands are measures of 
ester groups. We have used commercial olive oil as a representative 
triglyceride and find satisfactory conformity with its calibration curve by 


100 
80 
60 
uj 40 20 
T T T 80 
60r 7 D 40 
4 = 20 
20-r - 
faved 
60r 
40} 40 
20+ 
WAVE LENGTH, MICRONS WAVE LENGTH, MICRONS 
Fia, 2 Fic. 3 


Fic. 2. Infrared spectra of non-phosphatide reference materials from 5 to 11 uy. 
CS: solutions; cell thickness,0.9 mm. The lower case letters indicate the principal 
bands used for measurement. A, cholesteryl laurate, 7.16 mg. per ml., m.p. 77-78°, 
prepared by esterification of cholesterol with lauric acid. B, cholesterol, m.p. 149°, 
repurified via dibromide. 11.57 mg. per ml. C, olive oil (commercial), 4.96 mg. 
per ml. D, oleic acid (Hormel Institute), 2.50 mg. per ml. The broken line in Fig. 
A is a CS; transmission curve. 

Fic. 3. Infrared spectra of phosphatide constituents from 5 to 11 yw; cell thickness, 
0.9mm.forAandC. A, egg phosphatides, reprecipitated several times with acetone, 
4.17 per cent P; 6.26 mg. per ml. in CS:. The band designated e corresponds to the 
calibration curve in Fig. 4. B, sphingomyelin (H. E. Carter), solid film between 
salt plates. C, cephalin, prepared from egg phosphatides by the chromatographic 
procedure of Lea, Rhodes, and Stoll (11), 4.0 per cent P; 5.06 mg. per ml. in C82. 


tripalmitin, tristearin, corn oil, coconut oil, and tung oil, again making the 
necessary adjustments for molecular weight. Since our standard for 
cholesteryl esters has been synthetic cholesteryl laurate, the slope of the 
curve obtained for this substance has been adjusted to correspond to 
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cholesteryl oleate. Substantially the same curve is obtained in a similar 
way from either cholesteryl palmitate or cholesteryl stearate. 

Calibration for total phosphatides is contingent upon the existence of an 
infrared absorption band that occurs with approximately the same intensity 
in the spectra of the principal component phosphatides. From a qualita- 
tive examination of the spectra in Fig. 3, it is evident that regions of absorp- 
tion at 8.1 uw and 9.1 to 9.4 uw are potentially suitable for this purpose. Both 
of these regions are believed to be associated with phosphoric ester groups 
(7). (It should be noted that the 5.8 u ester carbony! band is not found in 
the sphingomyelin spectrum, and the 10.3 » band is not present in the 
cephalin curve.) Since lecithin is the major component, we have used 
either of its two absorption maxima at 9.15 and 9.35 yw as the analytical 
wave length. (The 9.15 uw band was used in certain cases in which it was 
desirable to use CHC]; as a solvent.) Until recently egg lecithin, prepared 
from egg yolks and purified by repeated precipitation with acetone, has 
been used as a calibration standard. <A typical preparation of this material 
contained 4.17 per cent P and about 80 per cent phosphatidyl] choline 
recoverable by the alumina column treatment of Hanahan et al. (8). 
Recently it has been possible to calibrate with synthetic dioleyllecithin? 
and to compare its spectrum with that of egg phosphatides. Their absorp- 
tivities differed by 10 per cent at 9.15 uw and by only 3 per cent at 9.35 uy. 
These differences are consistent with the presence of cephalin in the egg 
material, since, as may be seen in Fig. 3, C, the cephalin spectrum in this 
region exhibits a single peak at 9.3 uw rather than the doublet pattern of the 
lecithin curve. The measured absorptivity of this isolated cephalin 
fraction at 9.35 uw (slightly off the peak) is the same as that of lecithin. 
Because purified sphingomyelin? has a limited solubility in CS., it can be 
compared only in chloroform solution at 9.15 yu. From limited data, its 
absorptivity at that wave length is about 20 per cent less than that of 
lecithin. Qualitative comparison of the curves of solid films in this region 
suggests that the intensity correspondence should be about the same at 
both wave lengths. Use of the lecithin absorptivity to measure total 
phosphatides leads to a 4 per cent error if the sphingomyelin content is 
assumed to be approximately 20 per cent. With present calibration data 
and over-all measurement accuracy, it is not considered worth while to use 
a weighted absorptivity for the mixed phosphatides. From the empirical 
standpoint, the validity of the infrared measurement is upheld by com- 
parison with lipide phosphorus determinations in serum (Table III). 

A typical set of calibration curves is illustrated in Fig. 4. Varying 


2 We are extremely grateful to Professor Erich Baer of the University of Toronto 
for the synthetic dioleyllecithin, and to Professor H. E. Carter of the University of 
Illinois for the sphingomyelin. 
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degrees of non-linearity are apparent in them, which are of no consequence 
when the graphs are read directly. For absorbance values up to about 
0.5, the deviations from linearity are small, and straight line approxima- 
tions up to that value have been used to obtain the slopes required for the 
two-component calculation described above. Very high absorbances, as 
well as very low ones, are to be avoided as less accurate on general spec- 
trophotometric principles. This may sometimes necessitate repetition of 
the infrared measurement at a difference concentration in cases in which 
the estimate of required CS, volume fails to give a concentration for which 
the absorbance falls in the range of about 0.1 to 0.7. 
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CONCENTRATION, mg/ml 
Fic. 4. Absorbance versus concentration curves at the principal wave lengths for 
the reference materials in CS: solution. a = cholestery] laurate, 5.8 uw (corrected to 
cholestery] oleate; see the text); b = olive oil, 5.75; c = oleic acid, 5.85 nu; d = cho- 
lesterol, 9.5 4; e = egg phosphatides, 9.35 yw. 


The calibration values should be checked periodically. We have found 
them to remain stable within a few per cent over periods of several months, 
although they are subject to variation from changes in cell characteristics 
or instrumental conditions if these are not well controlled. 


RESULTS AND DISCUSSION 


The effectiveness of the chromatographic separation was verified in two 
ways. First the procedure was carried out with a known mixture, simu- 
lating serum lipides, and with a lipide extract from human serum lipoprotein 
(S; 6 specifies a lipoprotein that has a flotation rate of 6 Svedberg units in 
a salt solution of density 1.063) both on 1 gm. columns. The samples 
were about 25 mg. each. Fig. 5 shows an elution curve obtained by evapo- 
rating successive 2 ml. fractions to dryness, redissolving each in 0.2 ml. of 
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hexane, and measuring their refractive indices. The curve is a plot of 
An ( = MNeolution — Nsolvent) versus the cumulative volume of each elution 
solvent; z.e., ordinate points are plotted at 2 ml. intervals of abscissa X, 
and correspond to the measurement for the 2 ml. volume fraction from 
X-2 to X. designates the refractive index.) 

A second verification of the separability under these conditions is given 
in Table [. These results were obtained from three analyses of triplicate 
12.3 mg. aliquots of a total lipide extract from serum. In this instance 
1 gm. columns were used, and some of the conditions for elution were 
altered to show the effects of these variations on the over-all results. For 
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Fic. 5. Lipide elution curves obtained by refractive index measurements. 25 
mg. samples, 1 gm. columns. 2 ml. fractions collected, evaporated to dryness, re- 
dissolved in 0.2 ml. of hexane for refractive index measurement. An = MNsolution — 


Nsolve nt: 


all columns the elution of Fraction I was broken into several subfractions 
in order to obtain a rough distribution curve. Furthermore, this elution 
was carried well beyond the standard elution volume (32 ml. for a 1 gm. 
column). Fraction II was broken into only two subfractions, with a 25 
per cent extension of the standard volume. No breakdown was made of 
Fraction III. Weight recovery and total phosphatide values check well in 
all three analyses. From the reproducibility of the individual components 
it seems evident that the net results are but little affected by the variations 
employed. The chromatographic operating conditions chosen as standards 
are therefore considered to be adequate and to have some latitude, at least 
for the level of accuracy attained at present. 

In certain applications a procedure essentially like that just described 
has been employed as a more precise control of the separation of Fractions 
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Iand II. A series of small intermediate fractions is eluted with 5 per cent 
CHCl; and, if any ester is detectable, it is classified as cholestery] ester or 
fat by its absorption peak position at 5.8 or 5.75 yu. 

As an evaluation of the method exclusive of the extraction step, some 


TaBLeE I 
Analyses of Lipide Extract from Serum on 1 Gm. Columns,* with Discreteness of 
Fractions and Effects of Certain Chromatographic Variables 
Triplicate samples, 12.3 mg. each. The amount of each fraction is given in mg. 
as measured by infrared spectra. The volume is in ml. 


Fraction I Fraction II : 
Column 
a b c d e a b 
mg. 
Volume 16 (8 8 /|16 16 (24 16 24 
A Cholesteryl es- | 5.1 |1.65:0.45) 0.25);<0.1 7.45 
ters 
B 6.95)0 0 6.95 
C 6.0 0.1 | 7.20 
A Cholesterol <0.08) 1.53) 0.11 1.64 
B 0.34) 0.77) 0.81\;<0.05 1.92 
C 0 1.53} 0.1 1.63 
A Glycerides <0.05) 0.83) <0.05 0.83 
B <0.05} 0.79|<0.05 0.79 
C 0 0.87/<0.05 0.87 
A Fatty acid <0.02) 0.37|/<0.02 0.37 
B <0.02} 0.40)/<0.02 0.40 
C 0 0.36) <0.02 0.36 
A Phosphatides <0.05) 2.15 | 2.15 
B <0.05) 2.28} 2.28 
C <0.05 2.25 | 2.25 
Phosphatides from chemical determination of lipide phosphorus: 2.08, 2.24 mg. 


Sums of measured lipides are Column A, 12.44 mg.; B, 12.34 mg.; C, 12.31 mg. 

* Column A, adsorbent and eluting solvents as described in the text, Column B, 
adsorbent not heat-activated, and Column C, adsorbent activated; eluting solvent 
for Fraction I changed to 10 per cent CHCl; in hexane. 


analyses were made of a known mixture. The composition of this mixture 
and the results of five separate analyses are given in Table II. The weight 
of each sample was 4.29 mg., and chromatography was carried out on 0.25 
gm. columns. The average error for all values in Table II is about 7 per 
cent. For unesterified cholesterol the average error is 14 per cent, but with 
the exception of this component only three individual values are in error 
by more than 10 per cent. Cholesterol and cholesteryl esters tend to be 
too low; phosphatides are slightly high. 
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Table III gives the results obtained in the complete analyses of some 
randomly selected serum samples, run in a routine manner as three different 
sets at different times. Total cholesterol and total phosphatide values 
obtained by this method are compared with chemical determinations of 
the same components. The samples had been analyzed for total cholesterol 
as a routine measurement in connection with other studies in progress in 
this laboratory. The modified Schoenheimer-Sperry method used has 
been described by Colman and McPhee (9). From chromatographic- 
infrared measurements, total cholesterol is calculated as the sum of unesteri- 
fied cholesterol plus 0.60 X cholesteryl esters. Phosphorus was determined 
in lipide extracts from 0.1 ml. serum aliquots by an adaptation of the 


TABLE II 


Quintuplicate Analyses of Known Mizture of Lipides 
Values are in mg. 


Amount found 

Com t Amount Average 

present! analy- | Analy- | Analy-| Analy-| Analy-| 
sis 1 sis2 | sis3 sis 4 sis 5 

per cent 

Cholesteryl esters.......... 2.09 1.83 | 1.95 | 1.92 | 2.05 | 1.99 6.8 
Unesterified cholesterol..... 0.32 0.26 | 0.32 | 0.28 | 0.23 | 0.28 14.1 
Glyeorides..........-.00.-. 0.53 0.55 | 0.60 | 0.52 | 0.53 | 0.53 3.8 

Unesterified fatty acids....| 0.21 0.20 | 0.21 | 0.21 | 0.21 | 0.20 2 

Phosphatides (egg)......... 1.14 1.23 | 1.33 | 1.22 | 1.21 | 1.18 8.2 
Average error for all 7.0 


method of Griswold, Humoller, and McIntyre (10). The factor 25 was 
used to convert phosphorus to equivalent phosphatide. In two sets of 
duplicates (Samples 10a, 10b, lla, and 11b) the agreement for all compo- 
nents is well within 10 per cent. 

Sources of Error—Consideration of the most likely sources of error may 
not only suggest possible improvements but may also help to avoid pitfalls. 
The principal errors can be segregated as they arise in extraction, chroma- 
tography, infrared photometric measurement, or calibration. 

The extraction procedure described has been demonstrated to yield 96 per 
cent or more of the total lipides of serum; 7.e., upon saponification of the 
extracted residue, an amount of fatty acid can be recovered that is 4 per 
cent or less of the weighed extract. From most lipoproteins, from which 
the bulk of serum proteins have been separated, the unextracted lipide is 
usually less than 1 per cent. Other extraction methods may prove to be 
equally good or superior. 
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As indicated by the data in Table I and Fig. 5, the chromatographic | 


separation is generally satisfactory. Small amounts of cross contamination 
between Fractions I and II are difficult to detect in the spectra, since the 


TaB_e III 


Results of Chromatographic Infrared Serum Lipide Analyses. Comparison of 
Phosphatides and Total Cholesterol with Chemically Determined Values 


All concentrations are in mg. per 100 ml. of serum. 


Total cholesterol 
ce | uc] Gt | Caleu- 7 
frared ab- Chemical) ner cent 
sorption 
1 220 32 79 35 154 180 —14 163 141 +16 
2 321 54 194 33 243 238 +2 245 239 +3 
3 402 70 155 27 258 261 —1 309 333 —7 
4 236 26 145 23 181 192 —6 167 173 -—4 
5 246 40 48 25 174 195 —ll1 188 209 —10 
6 202 41 84 29 174 174 0 162 179 —10 
7 272 63 147 9 254 256 —1 226 243 -—7 
S 510 91 124 23 327 350 —7 397 428 —7 
9 101 24 93 21 140 139 +1 85 111 — 23 
10a 317 52 82 21 209 206 +2 241 241 0 
10b 300 50 78 21 209 184 +13 229 241 —5 
lla 397 67 104 50 269 249 +8 303 321 —6 
llb 392 63 100 47 273 252 +8 296 321 —§ 
12 200 29 37 46 163 152 +7 148 162 —9 
13 267 42 100 31 196 195 +1 201 231 —13 
14 257 36 45 38 181 196 —8§ 189 191 al 
15 259 40 110 33 209 196 +7 194 216 —10 


CE = cholesteryl esters; UC = unesterified cholesterol; GL = glycerides (pre- 
sumably triglycerides); UFA = unesterified fatty acids; and PH = phosphatides. 
Analyses were made at different times in three sets, comprised of Samples 1 to 4, 
5 to9, and 10 to 15. In the set comprised of Samples 5 to 9, the sums of lipides meas- 
ured by infrared absorption were compared with the weighed total lipide extracts. 


The calculated values ranged from 94 to 97 per cent of the weighed amounts. Samples | 


10a, 10b, lla, and 11b are pairs of duplicates. 


principal ester group band positions of cholesteryl esters are very close to — 


the corresponding ones of glycerides. The differences are sufficient, 


nevertheless, that gross overlapping of these components causes measurable 
shifts from the correct band positions. Premature elution of Fraction II 
constituents in Fraction I has not been observed in the total serum lipide 
samples so far encountered. It has occurred, but infrequently, for other 


lipide mixtures containing high relative proportions of glycerides, appar- 
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ently by exceeding the capacity of the column. There is, for occasional 
samples, evidence of cholesteryl esters being carried over into Fraction II. 
The amount involved is ordinarily a small percentage of the total cholestery] 
esters and is only detectable if the amount of glycerides is small. There- 
fore, it may in such cases represent a larger relative error in glycerides if 
that component is calculated from the total ester absorption. A carry- 
over of cholesteryl esters could conceivably occur as a result of oxidation, 
since inert atmospheres have not customarily been used in our work. 
Upon again chromatographing cholesteryl ester fractions that have been 
exposed to air in the dry state for long periods of time (weeks), it is found 
that they are distributed over all fractions. Whether rigorous exclusion 
of oxygen from the samples during evaporation and handling would improve 
the apparent over-all accuracy of the method has not been investigated. 

No measurable phosphorus has been found in Fraction II, but on the 
other hand Fraction III may contain as much as 10 per cent of non- 
phosphatide material. This material has not been well characterized as 
yet, but it contains a heme-like pigment and has a considerably lower 
absorptivity than the major phosphatides at 9.35 wu. The estimated error 
in total phosphatides due to its presence is about 3 per cent or less. 

The concentration error resulting from infrared measurement error has 
been estimated as about 4 per cent. The precision of the photometric 
measurements would presumably be improved if they were made at station- 
ary wave length settings instead of from recorded curves. However, during 
the developmental stage it has been helpful to have an extended spectral 
region in which to verify qualitatively the identities of the separated 
components and to recognize accidental contaminations. (Fraction ITI has 
occasionally been found to contain phthalate esters, probably originating 
from impure solvents or accidentally extracted from poorly protected vial 
cap liners.) 

In the determination of calibration curves, the error can be made small 
by averaging several measurements at each concentration. A greater 
inaccuracy undoubtedly arises from the arbitrary choice of standards, as 
discussed under calibration. This is a necessary compromise involving a 
degree of non-validity that is difficult to assess without more detailed 
information concerning the compositions of the individual lipide frac- 
tions. 


SUMMARY 


A tentative method has been developed for the analysis of serum lipides 
by using chromatography and infrared spectrophotometry. The extracted 
lipides are separated into three fractions by successive elutions from a 
silicic acid-Celite column with chloroform-hexane (1:19), chloroform, and 
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methanol. By suitable infrared absorption measurements of these frac- 
tions (redissolved in carbon disulfide), the amounts of cholesteryl esters, 
glycerides, total phosphatides, cholesterol, and free fatty acids can be 
estimated. The accuracy for a given component is somewhat dependent 
on the composition of the sample. In general, the probable error is about 
+10 per cent for the major components, and slightly greater for unesterified 
cholesterol and fatty acids. 


We wish to thank Dr. Hardin B. Jones and Dr. John W. Gofman for | 
their continued interest and support. Lipide phosphorus analyses were | 


performed by Gary Nelson. 
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ON THE ACETYLATION OF ALIPHATIC AMINES 
BY KIDNEY PREPARATIONS* 


By MARIE B. PHILLIPS anp H. 8. ANKER 
(From the Department of Biochemistry, University of Chicago, Chicago, Illinois) 


(Received for publication, February 4, 1957) 


The feeding of p-aminobenzoic or a-amino-y-phenylbutyric acid to rats 
results in the excretion of acetylaminobenzoic or acetylphenylaminobutyric 
acid in the urine. Simultaneous feeding of isotopically labeled compounds 
such as acetic or pyruvic acid (1, 2), pD- or L-alanine (3), D- or L-serine (4), 
or an acetylamino! acid (5) gives rise to labeled acetyl groups. Whereas 
most combinations of acetyl precursors and amines give nearly identical 
results, the isotope concentration of acetylphenylaminobutyric acid is 
much higher if labeled p-alanine, D-serine, or acetylglycine is fed. To ex- 
plain these findings, it was suggested (3) that acetylation of phenylamino- 
butyric acid occurs in part in the kidney (6), and it was further assumed 
that p-alanine and acetylglycine are converted to acetate in the kidney 
with little dilution. In contrast, other acetyl precursors are predomi- 
nantly metabolized in the liver where the metabolic pool of acetate is large 
(1). p-Aminobenzoic acid (7) is acetylated only in the liver. 

The in vitro studies reported here support this hypothesis and indicate 
that acetylation in the kidney may be due to a reversal of hydrolysis 
catalyzed by the enzyme acylase (8), in contrast to a transfer reaction 
which appears to be the mechanism of acetylation in the liver (9). 


Results 


The acetyl acceptor amine used in these experiments was cyclohexyl- 
L-alanine. Its optically active form is prepared conveniently by catalytic 
hydrogenation of L-tyrosine. This compound is acetylated in vivo (Table 
I) in the same manner as the a-amino-y-phenylbutyric acid previously 
used. 

In Table II are given the quantities of cyclohexylalanine and p-amino- 
benzoic acid acetylated by the various labeled compounds in kidney and 
liver slices. In agreement with the experiments in vivo, it was found that 
cyclohexylalanine was readily acetylated in kidney slices if either acetate, 
b-alanine, or acetylglycine was the source of label, whereas L-alanine 
yielded a smaller amount of acetylamine. p-Aminobenzoic acid is not 

* This work was supported by a grant from the United States Public Health 
Service. 

' Labeled in the acetyl moiety only. 
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acetylated in kidney slices. Cyclohexylalanine is acetylated by kidney ‘ 


slices to a somewhat greater extent than by liver slices. In liver slices, — 


TaBLeE 
Acetylation of Foreign Amines in Vivo 


Acetyl groups 


Acety]-a-amino-y- 
RIC/Q RIC/Q 
per cent per cent 
35}-67§ 58]] 


RIC = relative isotope concentration. 

* Averaged values. 

t Q = 0.4 to 1.0 mmole per 100 gm. per day. 

t Q = 0.4 mmole per 100 gm. per day; amine, 0.4 mmole per 100 gm. per day. 
§ Q = 0.4 mmole per 100 gm. per day; amine, 0.1 mmole per 100 gm. per day. 

|| Q = 0.45 mmole per 100 gm. per day; amine, 0.2 mmole per 100 gm. per day. 


TaBLeE II 
Acetylamines Formed by Slices in Vitro 


Amount of acetylamine formed per gm. slice with 


Tissue and amine 


0.32 mmole 1- | 0.42 mmole 2- | 0.49 mmole 2- (0.5 mmole 1-C*- 
C'4-acetic acid | C'-1-alanine | C"™-p-alanine | acetylglycine* 
pmoles pmole pmoles pumoles 
Kidney + CHA............... 3.5T 0.62 2.5 3.5 
0.1 0.03 
0.94 0.47 0.64 0.44 
0.66 0.32 0.30 


* Isotope in acetyl moiety. 

t In a separate experiment, 4.1 and 5.4 wmoles were formed with 0.32 and 0.44 
mmole of 1-C!4-acetic acid. 

1.5 gm. of liver slices or 0.75 gm. of kidney slices was incubated for 4 hours at 37° 
in 24 ml. of Krebs-Ringer bicarbonate buffer, containing 0.24 mmole of amine; 56 
umoles of unlabeled acetylamine were added as carrier after incubation. CHA = 
cyclohexylalanine, pABA = p-aminobenzoic acid. 


cyclohexylalanine and p-aminobenzoic acid were acetylated to approxi- 
mately the same extent, acetate being the most efficient source of the 
acetyl groups. 
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/ 

The activity of kidney minces in Ringer-phosphate buffer was found to 
be only slightly less than that of the slices. The quantity of acetylcyclo- 
hexylalanine formed in minces increases approximately linearly with time 
for the first 4 hours of incubation. The yield of acetylamine depends 
upon the cyclohexylalanine concentration below 0.003 m but is nearly in- 
dependent of the amine concentration above this value. The amounts 
produced, depending on the concentration of acetate or acetylglycine, are 
given in Fig. 1. Heating of the mince to 100° for 5 minutes abolished the 
reaction; the addition of NaF (0.04 m), KCN (0.04 m), NaN; (0.04 m), or 
2,4-dinitrophenol (0.003 m) does not change the yield of acetyleyclohexyl- 


uM ACETYL CHA 


0 200 400 
#M ADDED 


Fia. 1. Quantity of acetyl ceyclohexylalanine formed by rat kidney minces in five 
separate experiments: A, @, and @ = acetate; + and X = acetylglycine. 


alanine. Incubation under nitrogen reduced acetylation in some instances, 
but not consistently. 

Only one-tenth to one-fifth of the original activity was recovered from 
rat or calf kidneys disintegrated in a Waring blendor or ground with pow- 
dered glass (Experiment 2, Table III). Water extracts of rat kidney ace- 
tone powders are as active as the homogenates (Experiment 3, Table ITI). 
The enzyme can be concentrated and partially purified by ammonium 
sulfate fractionation as follows: Calf kidney acetone powder was extracted 
with 2 volumes of water and centrifuged at 4000 X g for 30 minutes at 0°. 
To the supernatant fluid ammonium sulfate was added and the fraction 
precipitated between 30 and 50 per cent saturation was collected. The 
precipitate was dissolved in 0.1 volume of water, dialyzed for 4 hours 
against water at 0°, and centrifuged at 10,000 X g for 1 hour at 0°. Pre- 
cipitation with ammonium sulfate and dialysis and high speed centrifuga- 
tion were repeated. For every gm. of acetone powder, 27 mg. of final 
product were obtained. This preparation is stable for at least 48 hours 
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at room temperature, is inactivated by heating to 100° for 5 minutes, and 
requires no additions other than the substrates and buffer (Experiment 4, 


TaB_LeE III 
Formation of Acetylcycloheryl-t-alanine by Kidney Preparations 
| Experimental conditions 
pmoles 
la | 0.7 gm. rat kidney Slices 5.8 
‘Slices 3.3 
Homogenate (Waring blendor)} 0.24 
Acetone powder; water extract) 0.17 
dialyzed and centrifuged 
3b {0.1 “ calf “ 3 0.22 
4a | As in Experiment 3b : 0.25 
4b 3b | 30% (NH,4)250, fraction 0.04 
4c 3b 30-50% 0.48 
4d 3b Supernatant 0.01 
5a | As in Experiment 4c 100 umoles C'4-potassium ace- | 0.10 
tate 
5b 4e 100 uwmoles C'*-acetylglycine | 0.08 
5c de 100 C4-potassium ace- | 0.13 
tate + 100 umoles acety]- 
glycine 
5d 100 wmoles C'!*-acetylglycine | 0.05 
100 umoles potassium 
acetate 
6a | 2.7 mg. prepared as in Experi- 0.01-0.05* 
ment 4c; heated 5 min. to 
6b 100° 
2.7 mg. prepared as in Experi- 0.30-0.60* 
ment 4c 
6c 1 mg. acylase | 0.17 
6d | 10 mg. acylase | 0.75 


*Range for ten individual experiments. Experiment 1: Krebs-Ringer phosphate 
buffer, 240 uzmoles of CHA, 440 ymoles of C'*-KAC; total volume, 24 ml.; Oc, 4 hours; 
37°, 56 wmoles of carrier. Experiment 2: as in Experiment 1; but 330 wmoles of C'*- 
KAC. Experiment 3: 100 umoles of C'*-KAC; 100 umoles of CHA; 20 umoles of colli- 
dine buffer (pH = 6.8); total volume, 4 ml.; air; 3 hours, 37°, 100 wmoles of carrier. 
Experiment 4: as in Experiment 3; but 15 umoles of phosphate buffer (pH = 7.4); total 
volume, 9 ml. Experiment 5: as in Experiment 4; but 20 wmoles of phosphate buffer 
(pH = 7.4). Experiments 6c and 6d: as in Experiment 5; but total volume, 3.1 ml. 


Table III). Acetylation is maximal at pH 7 to 7.5, negligible below pH 
6 and above pH 9, and independent of the nature of the buffer. The 
following compounds alone or in combination have no significant effect on 
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the quantity of acetylamine formed: Mg** (0.002 m), ATP (0.0006 to 0.005 
m), CoA (0.03 to 3 units per ml.), NaF (0.001 m), CH.ICOOH (0.001 mo), 
KCN (0.01 m), NaN;(0.07 m), and 2,4-dinitrophenol (0.003 m). If labeled 
acetylglycine is used, the quantity of acetylcyclohexylalanine formed is 
the same as when labeled acetate is added. Unlabeled acetylglycine does 
not decrease the formation of labeled acetyl groups from acetate but un- 
labeled acetate decreases the acetylation from labeled acetylglycine (Ex- 
periment 5, Table III). A partially purified acylase? preparation shows 
approximately the same acetylating power per gm. of material as the 30 
to 50 per cent (NH,)2SO, fraction prepared from calf kidney (Experiment 
6, Table III). Hydrolysis of acyleyclohexylalanine by acylase has been 
demonstrated previously (10). 


DISCUSSION 


Acetylation by kidney preparations differs from liver (3) in several 
respects: the specificity in regard to the kind of amine, the change of activ- 
ity on disruption of the cellular structure, and the conditions for enzyme 
activity. 

Kidney slices appear to be able to acetylate only aliphatic amines, 
whereas in the liver aromatic amines too are acetylated, as can be seen 
from Table II, in agreement with previous observations in vivo (6). 

The amount of acetylcyclohexylalanine formed in kidney minces is as 
much as 100 times the amount found in cell-free extracts. Either the 
enzyme catalyzing acetylation in kidney is so labile that it is destroyed 
upon disintegration of the cells or intact kidney cells can actively excrete 
the acetylamino acid, thereby displacing the equilibrium in the synthetic 
direction. In view of the insensitivity of the acetylation reaction in kid- 
ney minces to anaerobic conditions or to respiratory poisons, the source of 
energy for such an excretion process is at present undetermined. 

An enzyme system present in cell-free kidney extracts catalyzes the re- 
action between amino acids and acetate. It has been partially purified 
and its activity is not affected by dialysis, the addition of metabolic inhibi- 
tors, or a number of known coenzymes. This acetylating enzyme is found 
in the same protein fraction as acylase (11), and acylase preparations pos- 
sess a similar acetylating activity. For these reasons the acetylating en- 
zyme in cell-free kidney extracts appears to be identical with acylase. 
However, an additional acetylating enzyme in intact kidney cells different 
from acylase cannot be excluded. 

Acetylation with direct transfer of acetyl groups was not observed (5). 
In minces acetate is more effective than acetylglycine. In cell-free prep- 


? The authors are indebted to Mr. L. L. Lachat and Mr. M. A. Mitz of Armour and 
Company, Chicago, for this material as well as for various kidney preparations. 
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arations acetylation by labeled acetylglycine is depressed by unlabeled 
acetate whereas that by labeled acetate is unaffected by normal acety]- 
glycine. 


EXPERIMENTAL 


Syntheses—The preparation of acetic acid-1-C'* has been reported (12). 
Cyclohexyl-L-alanine was prepared by hydrogenation of L-tyrosine with 
the Adams catalyst and hydrogen (13). The crude product was recrys- 
tallized as the hydrochloride from 10 per cent hydrochloric acid [a], = 
12.9° in 4 per cent hydrochloric acid. Acetyleyclohexyl-L-alanine was ob- 
tained by treating the amino acid dissolved in sodium hydroxide with ace- 
tic anhydride and recrystallizing it from water, m.p. 202°; [a], = 3.1° in 
ethanol and —5.2° in 0.86 nN sodium hydroxide. 

Incubation Procedures—Liver and kidney slices were cut freehand. Kid- 
ney minces were prepared by forcing the kidneys through a 20 mesh stain- 
less steel screen. Slices and minces were incubated in a 125 ml. Erlen- 
meyer flask with shaking at 37° in Krebs-Ringer phosphate buffer (14). 
Homogenates, prepared in a Waring blendor, and acetone powder extracts 
were incubated in test tubes at 37°. Phosphate buffer was used in most 
experiments. 

The amount of acetyleyclohexylalanine produced was estimated by the 
isotope dilution method (15). After incubation in the presence of carboxyl- 
labeled acetate, unlabeled acetylcyclohexylalanine was added, the mixture 
acidified immediately with sulfuric acid? to pH 2, extracted with ether, 
and the ether solution reextracted with 1 m KHCQO;. The latter solution 
was then acidified and extracted with ether, and the ether solution was 
washed twice with water containing 10 per cent acetic and 1 per cent sul- 
furic acids, in order to dilute any labeled acetic acid present in the ether 
extract. The residue from the ether solution was recrystallized from wa- 
ter with charcoal until the melting point reached 200-201° and the C" 
concentration remained constant. The quantity of acetylamine formed, 
Q, was calculated by the following formula: Q = a/(b — a) XK C, where C = 
the quantity of carrier added, a = the isotope concentration of the isolated 
acetyl group, and b = the isotope concentration of the added acetic acid. 


SUMMARY 


1. Cyclohexyl-L-alanine is acetylated in vivo in the same manner as 
y-pheny] L-a-aminobutyric acid. 

2. Rat liver slices acetylate both cyclohexyl-t-alanine and p-amino- 

3 If the incubation is carried out at a pH of 5 or below, no C"* is found in the iso- 


lated acetylcyclohexylalanine. This result excludes the exchange of the C'*-acetic 
acid with the acetyl group of the carrier. 
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benzoic acid, whereas rat kidney slices acetylate cyclohexy]-L-alanine only, 
in agreement with previous observations in vivo. 

3. A soluble enzyme obtained from rat or calf kidney catalyzes the 
formation of acetylcyclohexyl-L-alanine from acetate. This reaction ap- 
pears to be a reversal of hydrolysis, and the enzyme seems identical with 
acylase. ‘The implications of this finding are discussed. 
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MECHANISM OF BORATE INHIBITION OF DIPHENOL 
OXIDATION BY TYROSINASE* 


By KERRY T. YASUNOBUT EARL R. NORRIS} 


(From the Department of Biochemistry, University of Washington, 
Seattle, Washington) 


(Received for publication, August 20, 1956) 


Borate inhibits alkaline phosphatase (1) and xanthine oxidase (2) com- 
petitively by reacting with the enzymes. Although borates form complexes 
with catechol (3), Winfield (4) and Klein (5) have been unable to demon- 
strate inhibition of diphenol oxidation by tyrosinase in borate solutions. 
Positive evidence has been obtained in the present work which demon- 
strates that borate does inhibit diphenol oxidation. Corroborative evi- 
dence was obtained from the finding that the borate-diphenol complex has 
an absorption peak in the ultraviolet region and that there is a direct cor- 
relation between the complex and the observed inhibition. 


EXPERIMENTAL 


Mushroom tyrosinase of high purity was purchased from the Treemond 
and Reheis Corporation, the preparations containing 2000 and 1700 Miller- 
Dawson catecholase units per mg. of dry weight, respectively. 

The enzymatic activity was determined in the presence and the absence 
of ascorbic acid. When ascorbic acid was used, the rate of oxidation of the 
substrate was determined by the rate of ascorbic acid oxidation at 265 mu. 
The ascorbic acid concentration was 0.1 mm, whereas the diphenol concen- 
tration was varied from 0.002 mm to 0.36 mm. When dihydroxyphenyl- 
alanine was used as a substrate in the absence of ascorbic acid, the enzy- 
matic activity was determined by the formation of dopachrome at 305 mu. 
The stock tyrosinase solution was diluted with distilled water before use, 
and about 3 catecholase units were used. 

Spectrophotometric measurements were made with a Beckman DU 
spectrophotometer with 1 cm. quartz cuvettes, and the experiments were 
carried out at room temperature. 


* Prepared from a thesis submitted by Kerry Yasunobu for the degree of Doctor 


of Philosophy, June, 1954. 
t Present address, Department of Biochemistry, Medical School, University of 


Oregon, Portland, Oregon. 
t Deceased March 30, 1952. 
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Results 
Effect of Variation in Substrate and Borate Concentrations 


Determinations of enzyme activity were made on various substrates 
with and without borate. When the reciprocal of the reaction velocity is 


18 - 
16- 
30: 
i4- 
. A 
l2- 
20. 
8 B 
\ 
5 i0 15 
l/s 
Fia. 1 Fia. 2 


Fic. 1. Effect of variation in catechol, borate concentration, and pH. In Curve 
A, experiments were carried out at pH 8.0 and with 6.7 mM borate; in Curve B, at 
pH 8.0 and with 3.3 mm borate; in Curve C at pH 7.0 and in 133 mm borate; in Curve 
D, at pH 6.0 and with 333 mm borate; in Curve E, at pH 8.0 and with 1.33 mm bo- 
rate, in Curve F, at pH 6.0 and with 133 mm borate; in Curve G, at pH 7.0 and with 
6.7 mM borate; in Curve H at pH 6, 7, or 8 with zero borate. 

Fic. 2. Effect of variation in dopa and borate concentration and pH. In Curve A, 
experiments were conducted at pH 7.8 and with 3.3 mm borate; in Curve B, at pH 7.0 
and with 9.99 mm borate; in Curve C, at pH 6.0 and with 66.6 mm borate; and in 
Curve D, at pH 6, 7, or 7.8 and with zero borate. 


plotted against the reciprocal of the substrate concentration, the curves 
shown in Figs. 1 and 2 are obtained. For the reaction system, ascorbic 
acid, diphenol, and enzyme, the activity was measured as the rate of change 
in optical density at 265 my per minute. Fig. 1 shows the results for cate- 
chol. Militzer (6) reports that borate does not react with ascorbic acid, 
but, to demonstrate that the inhibition by borate is not due to formation 
of a complex with ascorbic acid, the activity was measured at 305 mu 
without ascorbic acid for dihydroxyphenylalanine and enzyme. In Fig. 
2 are given the results for dihydroxyphenylalanine and tyrosinase and 


\ 
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the inhibition is clearly demonstrated. If it is assumed that a rapid revers- 
ible equilibrium exists between the inhibitor, substrate, and substrate- 
inhibitor complex, and if the concentration of the last complex is small 
compared to that of the first, then Equation 1 may be readily obtained. 


(1+) (1) 
v K; 


It will be shown later that the inhibitor combines with the substrate so 
that K;, in contrast to the usual case (7), is the equilibrium constant for the 
following reaction. 


Diphenol-borate complex = diphenol + borate (2) 


Effect of pH—The ability of borate to inhibit tyrosinase activity depends 
markedly upon the pH, as shown in Figs. 1 to 3. A much higher concen- 
tration of borate is required at pH 5.7 than in more alkaline solutions. 
Tyrosinase activity in the absence of inhibitor is not appreciably affected 
by pH over the range studied. Borie acid is a very weak acid and, if the 
assumption is made that it is only the H2BO;- ion which forms the complex 
with the diphenol, the results are consistent. Concentrations of the 
H.BO;- were calculated by using 6.4 & 10-!° as the ionization constant for 
the first hydrogen of boric acid. In Fig. 4 is seen the correlation between 
the inhibition and the calculated concentration of the H.BO;- ion. In 
these curves, the pH effect shown in Fig. 3 for total borate has disappeared. 

Evidence for Diphenol-Borate Complex—Boeskin (3) demonstrated the 
existence of catechol-borate complexes from conductivity studies. In 
our work, by use of buffered solutions, we discovered that the addition of 
boric acid to catechol and dihydroxyphenylalanine solutions resulted in 
increased absorption and in shifts to slightly higher wave lengths. More- 
over, in agreement with Boeskin, who found no increase in conductivity 
for resorcinol-borate or hydroquinone-borate solutions, there was no in- 
creased absorption or spectral shift when borate was added to these com- 
pounds. Addition of borate to ferulic acid also resulted in no change in 
absorption. It appears from these examples that borate forms complexes 
only with unsubstituted orthodiphenols. The equilibrium constant for 
the formation of the complex, 7.e. 


Diphenol + H;BO; =— complex 


= (complex) (3) 
(diphenol) (H;BOs;) 


K 


was calculated from the increase in absorption with increasing concentra- 
tions of borate at constant diphenol concentration. Fig. 5 illustrates the 
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increase in absorption at 286 my for dopa, with increasing borate concen- 
trations at pH 7.8. Fig. 6 shows the spectral changes for 0.1 mM catechol 
at pH 5.7 and 7.8 and that higher concentrations of borate are required in 
acid solutions. 

Thevalueforthe equilibrium constant was obtained by plotting A Doge m,/- 


PERCENT INHIBITION 


PERCENT /NH/BITION 


i i j 


50 100 150 200 2060-100 140 
BORATE (mM) H,BO, (mM) 
Fia. 3 4 


Fic. 3. Variation in per cent inhibition with varying boric acid concentration. 
@, experiments with dopa (0.1 mm); O, catechol (0.0032 mm with 0.1 mM ascorbic 
acid). In Curves A and B, experiments were carried out at pH 5.7; in Curves C and 


D, at pH 7.8. 
Fic. 4. Variation in per cent inhibition with varying HzBO;- concentration. Ex- 


periments with dihydroxyphenylalanine. @, experiments at pH 5.7; O, pH 7.8. 
Dihydroxyphenylalanine concentration was kept constant at 0.1 mM. 


(H;BQ;) as the ordinate and A Doge », as the abscissa, the value of the slope 
of the resulting line giving K directly. The equilibrium constant was 
also calculated by using the molecular extinction coefficient for the complex, 
which is about 4860 at 286 my, and by substituting the appropriate values 
in the case of dihydroxyphenylalanine. The K values are listed in Table I. 


Correlation between Spectral and Enzymatic Data 


When the per cent inhibition and A Doge m, were plotted as the ordinate 
and the H;BO; concentration as the abscissa, the two curves obtained were 
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- almost superimposable, and it was evident that there was a direct correla- 
1 tion between the spectral increase in absorption and the inhibition. To 
n test the relationship more closely, by use of the constant obtained spectro- 

photometrically for dihydroxyphenylalanine and borate while the total 
- diphenol and borate concentrations were varied, calculations were made so 


0.5; 
0.60- 
\ 
\ 
\ 
0.25- 
N 
0.20- 
40 
1 1 1 Oo 4 
225 250 275 300 220 240 260 280 300 
WAVE LENGTH (mp) WAVE LENGTH (my) 
bn. | Fia. 5 Fia. 6 
a Fig. 5. Effect of varying borate concentrations on the absorption spectrum of 
- dopa (0.1 mm) at pH 7.8. —, zero borate; ---, 1.0 mm borate; ------, 5.0 mM 
borate; — - -, 20 mm borate; ---, 40 mm borate. 
ux- Fic. 6. Effect of varying boric acid concentrations on the absorption spectrum of 
8. catechol (0.1 mm). ..., values for zero borate at pH 5.7; ---, for zero borate and 
pH 7.8; - --, for 300 mm borate and pH 5.7; —, for 50 mm borate and pH 7.8; the val- 
ues for zero borate at pH 5.7 and 7.8 overlap below 230 my and above 270 mu. 
ype 
evi that the free diphenol was the same in each case. The results are shown 
a in Table II. The observed inhibition was calculated as 100(1 — 1v;/v) 
"s where v; is the velocity in the presence of inhibitor and v is the velocity in 


the absence of inhibitor. The calculated inhibition was obtained by using 
the K obtained from the absorption measurements of the complex. 

The experiment shows that the velocity is nearly the same at the various 
ate diphenol and borate concentrations as that required by theory. Also, the 
ere observed and calculated inhibitions are within the experimental error, and 
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TABLE I 


Equilibrium Constant for Formation of Substrate-Borate Complez 
Obtained Spectrophotometrically at pH 7.8 


Compound Ku;Bo;° Ku.Bo;~t Kit 
600 1.9 X 104 5.3 X 1075 
Dihydroxyphenylalanine...... 475 1.5 X 10¢ 6.7 X 10-5 


* Equilibrium constant calculated by use of the H;BO; concentration. 

tf Equilibrium constant calculated by use of the HzBO;- concentration. 

t Equilibrium constant for the dissociation of the substrate-borate complex and 
equal to 


TABLE II 
Correlation between Spectral and Enzymatic Data 
P 
Dopa Borate Velocity* Velocityt Free dopa Complex ae ne inhibition 
caicu 

mM mM mM 

0.20 32.6 0.029 0.280 0.0125 0.188 90 94 
0.10 15.2 0.027 0.161 0.0125 0.0875 83 86 
0.08 11.7 0.030 0.128 0.0125 0.0675 77 81 
0.06 8.3 0.031 0.103 0.0125 0.0475 68 70 
0.04 4.8 0.030 0.075 0.0125 0.0275 61 63 
0.02 1.3 0.029 0.043 0.0125 0.0075 33 38 


The experiments were conducted at pH 7.8. 
* In the presence of borate expressed as the change in optical density at 305 my 


per minute. 


t In the absence of borate. 


TaBLe III 

Enzymatically Obtained Dopa-Borate Dissociation Constants 

™™M M M 

Dopa (265 my in presence of ascorbate); Kn = 3.3 K 10-4 
8 3.33 1.33 X 10-4 5.1 X 10-5 
7 6.67 3.3 xX 10-5 5.0 X 1075 
6 33.3 8.5 xX 10-6 4.2 X 10-5 

Dopa (305 my in absence of ascorbate); Kn = 5.0 X 10~* 
8 3.33 1.33 X 6.9 X 10-5 
7 9.99 6.4 xX 10-5 6.7 X 10-5 
6 66.7 21.5 X 10-5 6.4 10-5 
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furthermore the correlation between the enzymatic data and the spectral 
data may be seen. 

Listed in Table III are the inhibitor-dissociation constants obtained 
from the 1/v versus 1/s plot. For the first set of data, the velocity was 
measured by the rate of oxidation of ascorbic acid at 265 my. In the sec- 
ond set of data, the change in density at 305 muy, in the absence of ascorbic 
acid, was measured. If the reciprocals of the average K, for the first set of 
data are taken, a value of 2 X 10‘ is obtained for the formation of the com- 
plex from dihydroxyphenylalanine and the H2BO;~ ion. In the second set 
of data, the equilibrium constant for the formation of the complex was 
15 X 10‘. These values are in general agreement with the equilibrium 
constant obtained from the spectral data. 

Nature of Complex—lIsbell et al. (8) have discussed the various complexes 
which are formed when borate is added to catechol, and the reactions are 
shown in the accompanying Equations 4 and 5. Schafer (9) has prepared 


OH 0H 
+H,80,. B + H20 
OH + H,0 


OH OH 0 
OH No 


both the monocatechol-borate and the dicatechol-borate complexes. In 
our work, the ratio of borate to diol was much greater than that used by 
Schafer to prepare the monocatechol-borate complex, and therefore the 
concentration of the dicatechol-borate complex was negligible. In addi- 
tion, Schafer found that the formation of the dicatechol-borate complex 
was slow and required several hours, whereas in the present work the solu- 
tions were tested immediately after the borate and diol were mixed. Fur- 
thermore, the agreement of the equilibrium constant obtained enzymatically 
and spectrophotometrically verifies the nature of the complex. 
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Reversal of Inhibition and Increased Absorption by Mannitol 


Fig. 7 demonstrates the reversal of both the inhibition and the increased 
absorption at pH 7.8 when mannitol is added to a solution containing 0.1 
mM dihydroxyphenylalanine and 11.7 mm borate. There was a decrease 
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Fig. 7. Reversal of borate inhibition and absorption changes by the addition of 
mannitol. In these experiments the dihydroxyphenylalanine concentration was 0.1 
mM and the borate concentration was kept constant at 11.7 mm; the mannitol concen- 
tration was varied. 
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Kia. 8. kifleet of borate on tyrosine oxidation. ‘The tyrosine concentration was 
kept constant at 0.04 mm. Curves A, D, and F were carried out at pH 7.8 with zero 
borate, 5.0 mm borate, and 10.0 mM borate, respectively. For Curves B, C, and E, 
the pH was 5.7 and the borate concentration was zero, 0.1 M, and 0.2 M, respectively. 
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in pH with higher concentrations of mannitol, but the change is insuffi- 
cient to account for the reversal. 


Effect of Borate on Oxidation of Monophenol 


Behn and Nelson (10) noted that borates prolong the lag period in the 
oxidation of monophenols by tyrosinase at pH 8.5. We confirmed Nel- 
son’s finding of a prolonging of the lag period in alkaline solutions (Fig. 8) 
and found that the inhibition shown by the steepest part of the curves at 
pH 5.7 and 7.8 checks with the inhibition which might be expected from 
the assumption that it is due to the reaction of the H.BO;- ion with the 
diphenol formed as an intermediate in the reaction. 

The activity was measured as the change in optical density at 305 mu. 
In the presence of ascorbic acid and tyrosine, borate also inhibits the action 
of the enzyme. 


SUMMARY 


It has been concluded that borate inhibits tyrosinase, as shown in the 
accompanying equation. 


H, BO, == H,BO,” 
K 
S-H,B0, S-H,B0, = 


Evidence from enzyme studies and changes in the absorption spectrum of 
the diphenol when borate is added to buffered solutions of the diphenol 
are presented. Approximate equilibrium constants for the formation of 
the complex were calculated. 


One of the authors (K. T. Y.) is greatly indebted to Dr. Walter B. 
Dandliker for his advice and encouragement upon the untimely death of 
Dr. FE. R. Norris. 
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INCORPORATION OF DEUTERIUM INTO OXIDIZED PYRIDINE 
NUCLEOTIDES BY ILLUMINATED GRANA* 


By ANTHONY SAN PIETRO anp HELGA M. LANGT 


(From the McCollum-Pratt Institute, The Johns Hopkins 
University, Baltimore, Maryland) 


(Received for publication, January 21, 1957) 


The reduction of pyridine nucleotides by illuminated chloroplasts was 
first demonstrated some 5 years ago by Vishniac and Ochoa (1, 2), Tol- 
mach (3), and Arnon (4). In these experiments, the formation of reduced 
pyridine nucleotides was demonstrated indirectly by coupling the photo- 
chemical reaction with a suitable dehydrogenase and measuring the forma- 
tion of the product of the dehydrogenase system. In the absence of the 
coupling system, no directly measurable reduction of pyridine nucleotides 
was observed (5). This inability of pyridine nucleotides to undergo di- 
rectly measurable photochemical reduction was considered to be a conse- 
quence of their low oxidation-reduction potential! (2’) at pH 7 = —0.32 
volt) since most substances which are effective as oxidants in the Hill 
reaction have high oxidation-reduction potentials (Z’y at pH 7 = +0.1 to 
+0.4 volt). 

In view of the physiological significance of the pyridine nucleotides as 
coenzymes in numerous enzyme-catalyzed reactions, it seemed worth while 
to investigate the mechanism of reduction of these compounds by illumi- 
nated grana. The experimental approach envisaged at the start of these 
studies was to determine the stereospecificity, if any, of the reduction of 
pyridine nucleotides by illuminated grana with deuterium as a tracer. It 
was hoped that the information obtained in these studies would permit us 
to determine whether the reduction was enzymatic or chemical in nature. 
If the pyridine nucleotide had remained unlabeled during alternate reduc- 
tion and reoxidation by illuminated grana in heavy water, one could have 
concluded that both reduction and oxidation were enzymatic processes of 
identical stereospecificity.? 

* Contribution No. 183 of the McCollum-Pratt Institute. This investigation was 
supported by a research grant (RG-4143(C)) from the National Institutes of Health, 
United States Public Health Service. 

t Present address, Nazareth College of Rochester, Rochester, New York. 

1 In 1952, the accepted E’» value for the DPN-DPNH potential was —0.28 volt. 
It has subsequently been shown to have a value of —0.32 volt by Burton and Wilson 


(6) and Rodkey (7). 
? For a complete description of the stereospecificity exhibited by pyridine nucleo- 
tide-linked dehydrogenases, see the reviews by Vennesland (8) and San Pietro (9). 
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However, the data presented in this paper demonstrate that deuterium 
from the medium is incorporated into oxidized pyridine nucleotides by 
illuminated grana and that the deuterium is present at the site at which 
pyridine nucleotides undergo reversible oxidation-reduction; namely, at 
carbon atom 4 of the pyridine ring (10, 11). This result can be explained 
in terms of either a stereospecific enzymatic reduction or a non-stereo- 
specific chemical reduction (see ‘‘Discussion’”’). The most likely explana- 
tion of these data involves a stereospecific reduction of the pyridine nucleo- 
tide, followed by a stereospecific oxidation of the reduced nucleotide, and 
the fact that the stereospecificities exhibited by the reduction and oxida- 
tion processes are opposite to each other. Evidence in support of this 
explanation has been presented by San Pietro and Lang (12), who have 
demonstrated the accumulation of reduced pyridine nucleotides by illumi- 
nated grana under certain conditions. In addition, recent experiments 
have provided more direct evidence that this reduction is indeed enzyme- 
catalyzed.* 


Materials and Methods 


The grana were prepared as follows: 25 gm. of spinach leaves, purchased 
at a local grocery, were deveined and ground for 3 minutes in a Waring 
blendor with 200 ml. of cold 0.01 m NazHPO,-KH2PO, buffer, pH 7, con- 
taining 0.01 m KCl. After being filtered through cheesecloth and glass 
wool, the filtrate was centrifuged for 2 minutes at 4600 K g. The super- 
natant fluid was centrifuged for 20 minutes at 18,000 X g; the residue was 
suspended in buffer and centrifuged again at 18,000 K g. The final residue 
was made up in 0.05 m Na2HPO,-KH:2PO, buffer, pH 7, containing 0.01 
mM KCl, which was prepared in 99.5 per cent D.0.4 The ability of the 
grana to reduce ferricyanide was determined before each deuterium experi- 
ment by measuring oxygen evolution in a Warburg apparatus modified 
for photosynthetic experiments. 

Diphosphopyridine nucleotide (DPN) and triphosphopyridine nucleo- 
tide (TPN) were purchased from the Pabst Laboratories.’ The DPNase 
was a purified enzyme which was obtained from zinc-deficient Neurospora 
according to the method of Kaplan et al. (13). Crystalline alcohol dehy- 
drogenase was purchased from the Worthington Biochemical Corporation. 

The general experimental procedures used in these studies have been 
described in detail by Pullman et al. (10); chlorophyll concentration was 
measured by the modification of Arnon (14), and deuterium content was 


3 San Pietro, A., and Lang, H. M., unpublished data. 

‘The heavy water used in these experiments was obtained on allocation from the 
United States Atomic Energy Commission. 

5 Part of the DPN used in these experiments was a gift from the Pabst Labora- 
tories. 
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determined by a modification of the method of Graff and Rittenberg (15, 
16). 


Results — 


Deuterium Incorporation into DPN—These experiments were set up in 
the following manner: The reaction mixtures, which contained DPN, 


TABLE 
Incorporation of Deuterium into DPN by Illuminated Grana 


Kach reaction mixture contained grana equivalent to 14 mg. of chlorophyll, 59 
umoles of DPN, 1000 wmoles of Na,HPO,-KH.PO, buffer, pH 7, and 200 umoles of 
KCl. The final volume was 20 ml. and the final concentration of D0 was calculated 
to be about 90 per cent. The samples were incubated for 150 minutes either in the 
light or in the dark with shaking at 15-16°. The dark control flask was wrapped with 
tinfoil. The light reaction flasks were illuminated by one 100 watt bulb per flask at a 
distance of approximately 6 inches. In Experiment 6d, the gas phase was nitrogen 
rather than air. After incubation, the samples were centrifuged for 20 minutes at 
18,000 X g to remove the grana and the DPN concentration in the supernatant solu- 
tion was determined by measuring the difference in optical density at 325 mu in 1.0 
m KCN, before and after the addition of Neurospora DPNase, according to the 
method of Colowick et al. (17). The recovery of DPN was almost quantitative. 
When all the DPN was split, the mixtures were placed on Dowex 1 formate columns. 
The nicotinamide was eluted with water, diluted by a known factor with unlabeled 
nicotinamide, and isolated by crystallization from benzene (10). The crystalline 
samples of nicotinamide were analyzed for deuterium content in the usual manner. 


Deuterium content 
Experiment No. Conditions Dilution factor 

Atom per Atom per 
cent excess* | moleculet 

6a Dark 9.3 0.03 0.02 

6b Light 9.5 0.87 0.50 

6c | ” | 8.7 0.88 0.46 

6d Light-nitrogen 20.0 0.52 0.62 


* Experimental values. 

t Values corrected for dilution by carrier-unlabeled nicotinamide. The deu- 
terium content of the nicotinamide, expressed as atom of deuterium per molecule, is 
identical to the deuterium content, expressed similarly of the DPN from which it 
was derived (10). A deuterium content of 1 atom of deuterium per molecule corre- 
sponds to a value of 16.7 atom per cent excess for nicotinamide. 


grana, buffer, and D.O, were incubated either in the dark or in the light. 
In one experiment (Experiment 6d), the gas phase was nitrogen rather 
than air. After incubation, the grana were removed by centrifugation 
and the DPN was split with Neurospora DPNase. The resulting nicotin- 
amide was isolated and analyzed for deuterium content. 

The results of the isotope measurements are presented in Table I. It 
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can be seen that, when the reaction mixture was incubated in the dark, 
the DPN contained only 0.02 atom of deuterium per molecule (Experi- 
ment 6a) whereas, when the reaction mixture was illuminated, the DPN 
contained an average of 0.48 atom of deuterium per molecule (Experiments 
6b and 6c). It is interesting that the DPN contained 0.62 atom of deu- 
terium per molecule when the reaction mixture was incubated under ni- 
trogen rather than aerobically (Experiment 6d). The explanation of this 
somewhat increased labeling is not readily apparent at the present time.® 

These results do, however, clearly demonstrate that the incorporation 
of deuterium from the medium into DPN in the presence of grana is a 


TaBLeE II 
Incorporation of Deuterium into TPN by Illuminated Grana 

Each reaction mixture contained grana equivalent to 16.1 mg. of chlorophyll, 53.5 
umoles of TPN, 1000 umoles of NagHPO,-KH.PO, buffer, pH 7, and 200 umoles of KCl. 
The final volume was 20 ml. and the final concentration of DO was calculated to be 
approximately 82 per cent. The reaction mixtures were incubated for 120 minutes 
either in the light or in the dark, as described in Table I, with shaking at 15-16°. 
After incubation, the samples were treated as indicated in Table I. In each experi- 
ment, crystalline samples of nicotinamide were used for the deuterium analyses. 


Deuterium content 
Experiment No. Conditions Dilution factor 
Atom per Atom per 
cent excess* moleculet 
7a Dark 12.7 0.03 0.02 
7b Light 12.1 0.62 0.45 
7c 13.2 0.61 0.48 


* Experimental values. 
t Values corrected for dilution by carrier-unlabeled nicotinamide. 


light-dependent reaction. In separate experiments it was demonstrated 
that the ability of illuminated grana to catalyze this incorporation of deu- 
terium into DPN was completely lost by heating the grana for 5 minutes 
at 100°. 

Deuterium Incorporation into TPN—The ability of illuminated grana to 
catalyze the incorporation of deuterium from the medium into TPN was 
determined in a manner similar to that described above for DPN. The 
results of the isotope measurements are presented in Table II. It can be 


¢ There was some reduced DPN present in this reaction mixture after incubation 


and removal of the grana. If the unlabeled DPN in the reaction mixture was reduced | 
preferentially to the deuterium-labeled DPN during the incubation, 7.e. if there was — 
an isotope effect, then the remaining oxidized DPN would be enriched in deuterium. | 
This could explain the increased labeling of the DPN remaining at the end of the re- — 


action observed in this experiment. 
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seen that no deuterium is incorporated into TPN in the dark (Experiment 
7a), whereas with illuminated grana the TPN remaining at the end of the 
reaction contained about one-half an atom of deuterium per molecule (Ex- 
periments 7b and 7c). These results are in excellent agreement with 
those presented in Table I for DPN. | 

Position of Deuterium in DPN—Having established that illuminated 
grana can catalyze the incorporation of deuterium into DPN from the 


TaBLeE III 
Site of Deuterium Incorporation into DPN by Illuminated Grana 


The reaction mixture contained grana equivalent to 30.8 mg. of chlorophyll, 121 
pmoles of DPN, 2000 uwmoles of NagHPO,.-KH.2PO, buffer, pH 7, and 400 umoles of 
KCl. The final volume was 40 ml. and the final concentration of D0 was calculated 
tv be about 87 per cent. During incubation, the reaction mixture was divided into 
two 20 ml. portions. Each portion was incubated for 120 minutes in the light, as in- 
dicated in Table I with shaking at 15-16°. After incubation, the grana were re- 
moved by centrifugation and the DPN was precipitated from the combined super- 
natant solution with acid-acetone and collected by centrifugation. The precipitate 
was dissolved in water and the solution, which contained 75 ~wzmoles of DPN, was di- 
vided into two fractions. In Experiment 8a, the DPN present in one fraction was 
split with Neurospora DPNase, and the nicotinamide was isolated as indicated in 
Table I. In Experiment 8b the second fraction was treated with sodium dithionite 
(in H,O) to yield chemically reduced DPN, which was isolated as the barium salt. 
The reduced DPN, as the sodium salt, was oxidized enzymatically with acetalde- 
hyde and yeast ADH and the resulting DPN was treated as in Experiment 8a. 
In each experiment, crystalline samples of nicotinamide were used for the deuterium 
analyses. 


Deuterium content 
Experiment No. Dilution factor Per ot eee of 
Atom per Atom per 
cent excess* moleculet 
8a 20.4 0.36 0.44 
8b 27.4 0.20 0.33 75 


* Experimental values. 
1 Values corrected for dilution by carrier-unlabeled nicotinamide. 


medium, it was of interest to ascertain the site of the deuterium in the 
nucleotide. A sample of DPN which had incorporated deuterium as pre- 
viously described was treated with sodium dithionite (in H2O) to yield 
chemically reduced DPN, which was isolated as the barium salt. The 
reduced DPN, as the sodium salt, was oxidized enzymatically with acetal- 
dehyde and yeast alcohol dehydrogenase and the deuterium content of the 
resulting oxidized DPN was determined. The isotope measurements for 
these experiments are presented in Table III. It can be seen (Experiment 
8a) that the starting DPN contained 0.44 atom of deuterium per molecule. 
Chemical reduction followed by enzymatic oxidation (Experiment 8b) 


5 

e 

to 

as 

he 

be 

on 

ed 

vas 

1m. 

re- 


488 PYRIDINE NUCLEOTIDE LABELING BY GRANA 


yields DPN, which contains 0.33 atom of deuterium per molecule. One 
may conclude from these results that deuterium can be transferred by the 
procedure employed. The deuterium must, therefore, have been present 
at the site at which DPN undergoes reversible oxidation and reduction. 
Since it is known that the site of reversible oxidation and reduction is the 
y position of the nicotinamide moiety of DPN (10, 11), it follows that the 
deuterium removed by reduction and reoxidation was present at this posi- 


tion. 
The quantitative aspects of these experiments (Table III, last column) 


TaBLeE IV 


Effect of Length of Incubation on Incorporation of Deuterium 
into DPN by Illuminated Grana 

Each reaction mixture contained grana equivalent to 13.5 mg. of chlorophyll, 55 
umoles of DPN, 1000 uymoles of NasHPO,-KH2PO, buffer, pH 7, and 200 uwmoles of 
KCl. The final volume was 20 ml. and the final concentration of D0 was calculated 
to be about 86 per cent. The reaction mixtures were incubated for varying times in 
the light, as indicated in Table I, with shaking at 14-15°. After incubation, the 
samples were treated as described in Table I. In each case, crystalline samples of 
nicotinamide were used for the deuterium analyses. 


| Deuterium content 
Time of incubation Dilution factor 
Atom per cent Atom per 
excess* moleculet 
min. 

15 12.1 0.22 0.16 

30 11.2 0.47 0.32 

60 | 11.3 0.71 0.48 

120 12.7 0.84 | 0.64 


* Experimental values. 
+t Values corrected for dilution by carrier-unlabeled nicotinamide. 


are in reasonable agreement with data previously published from this lab- 
oratory on the effects of oxidation and reduction on the deuterium content 
of y-labeled DPN (18). One may conclude, therefore, that most or all of 
the deuterium found in DPN after illumination is in the y position. 

Deuterium Incorporation Versus Time—The rate of incorporation of 
deuterium into DPN by illuminated grana was determined as follows: In- 
dividual reaction mixtures, containing DPN, grana, buffer, and D,O, were 
each incubated aerobically in the light. After incubation for a certain 
length of time, the grana were removed by centrifugation and the DPN 
was split with Neurospora DPNase. The resulting nicotinamide was iso- 
lated and analyzed for deuterium content. 

The results of the isotope measurements are presented in Table IV. It 
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can be seen that the deuterium content of the oxidized DPN remaining at 
the end of the experiment increases with increasing time of incubation. 
It is clear from these data that the rate of incorporation of deuterium into 
| DPN by illuminated grana in these experiments is linear for at least the 
; first 30 minutes. After this time, the rate decreases as would be expected 
from the high degree of labeling in the nucleotide. 

Effect of Grana Concentration—The effect of grana concentration on the 
incorporation of deuterium into DPN was determined in the following 
manner: Individual reaction mixtures, which contained the same amount 


TABLE V 


Effect of Grana Concentration on Incorporation of Deuterium 
into DPN by Illuminated Grana 

5 Each reaction mixture contained grana equivalent to varying amounts of chloro- 
yf phyll, 63.5 zmoles of DPN, 1000 umoles of Na: HPO,-KH2PO, buffer, pH 7, and 200 
d umoles of KCl. The final volume was 20 ml. and the final concentration of D,O was 
n calculated to be about 85 per cent. The reaction mixtures were incubated for 120 
e minutes in the light, as indicated in Table I, with shaking at 14-15°. After incuba- 
of tion, the samples were treated as described in Table I. In each case, crystalline 
samples of nicotinamide were used for the deuterium analyses. 


Deuterium content 


- Chlorophyll content Dilution factor 
Atom per cent Atom per 
excess* moleculet 
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* Experimental values. 
t Values corrected for dilution by carrier-unlabeled nicotinamide. 


b- of DPN, buffer, and D,O but different amounts of grana, were incubated 
nt aerobically in the light. After incubation, the grana were removed by 
of | centrifugation. The DPN was split with Neurospora DPNase and the 
resulting nicotinamide was isolated and analyzed for deuterium content. 
of The results of the isotope measurements are presented in Table V._ It 
In- | is clear from these data that the amount of deuterium incorporated into 
sre DPN is dependent on the grana concentration. At low grana concentra- 
iin _ tion, 7.e. below a concentration equivalent to 7.2 mg. of chlorophyll, there 
>N——sis a _ linear relationship between the grana concentration and degree of 
so- labeling of the DPN. At higher grana concentrations, there is no longer 

a linear relationship between the isotope content of the DPN and grana 
It concentration. 
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DISCUSSION 


The data presented above clearly indicate that deuterium from the me- 
dium is incorporated into DPN or TPN by illuminated grana. The inti- 
mate mechanism of this incorporation, however, is not clearly understood 
at the present time. 

‘The most likely mechanism would involve reduction of the nucleotide : 
followed by oxidation of the reduced nucleotide. In this manner, deu- 
terium would be incorporated into the nucleotide provided that the stereo- 
specificities of the reduction and oxidation processes were not identical. 

If the stereospecificity of the reduction process was identical with that 
exhibited by the oxidation process, the oxidized nucleotide would never 


contain any deuterium. Under these conditions, the deuterium atom in- i 
troduced into the reduced nucleotide in the reduction process would be ; 
removed upon subsequent oxidation of the reduced nucleotide. Hence, t 
the oxidized nucleotide would remain unlabeled. This possibility may be c 
eliminated therefore, since the data clearly indicate that deuterium is 0 
incorporated into DPN or TPN by illuminated grana. c 
The various types of stereospecificity which either the reduction or oxida- v 
tion process may be expected to exhibit can be classified as follows: (a) . 
stereospecific for side 1 of the pyridine ring of the nucleotide,’ (b) stereo- . 
specific for side 2 of the pyridine ring of the nucleotide, and (c) a lack of II 
stereospecificity, 7.e. non-stereospecific. The possible combinations of © 
these types of stereospecificity which would result in the incorporation of 0: 
deuterium from the medium into DPN or TPN are as follows: (1) the hi 
reduction process is stereospecific for side 1 and the oxidation process for T 
side 2 or vice versa; (2) the reduction process must be stereospecific for MI 
either side 1 or side 2 and the oxidation process must be non-stereospecific ; 
(3) the third possibility is merely the converse of (2), z.e. a non-stereospecific - 
reduction followed by an oxidation which is stereospecific for either side 1 tic 
or side 2 of the pyridine ring; (4) lastly, it is possible that both the reduc- be 
tion and oxidation processes are non-stereospecific. “ 
e 


Any of these possibilities will result in the incorporation of deuterium 
from the medium into the oxidized pyridine nucleotide. It is, therefore, pa 
not possible to rule out any of them merely because of the deuterium data 
alone. However, in view of the evidence of San Pietro and Lang (12) 
that the reduction process is an enzyme-catalyzed reaction, it seems reason- 
able that possibilities (3) and (4) arerather unlikely ones. To date, every om 


enzyme-catalyzed reaction which has been studied has been shown to be = 
stereospecific for either side 1 or side 2 of the pyridine ring.2 It would . 
OI 

7 Side 1 is defined here as that side of the pyridine ring toandfrom which hydrogen _fop 

is transferred by yeast alcohol dehydrogenase (18, 19). | plit 
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appear to be rather unlikely, therefore, that the reduction process under 
consideration, which is an enzyme-catalyzed reaction, would not also be 
stereospecific for either side 1 or side 2 of the pyridine ring. 

It is difficult to decide between possibilities (1) and (2). Any final deci- 
sion must await the elucidation of the nature of the stereospecificity, if 
any, of the oxidation process which is operative in these studies. 

As mentioned previously, the rate of incorporation of deuterium into 
DPN by illuminated grana is linear for about the first 30 minutes (Table 
IV). This finding allows one to calculate the initial rate of reduction of 
DPN required to account for the degree of labeling observed in the DPN. 
(Since there was no accumulation of reduced DPN in these experiments, 
all of the DPN which was reduced was subsequently reoxidized.) In 
Table IV we see that, at the end of 15 minutes incubation, the DPN con- 
tained 0.16 atom of deuterium per molecule. Since the reaction mixture 
contained 55 umoles of DPN, this means then that 0.16 X 55 or 8.8 watoms 
of deuterium had been incorporated in this time. Since the deuterium 
content of the medium was 86 per cent, then 0.86 watom of deuterium 
would be incorporated per micromole of nucleotide reduced and reoxidized, 
assuming the absence of an isotope effect and, further, that possibility (1) 
is the correct mechanism. Under these conditions, the deuterium atom 
incorporated into the reduced DPN upon reduction of unlabeled DPN 
would not be removed on subsequent oxidation and would appear in the 
oxidized nucleotide. Therefore, 8.8/0.86 or 10.2 umoles of DPN must 
have undergone reduction (and subsequent reoxidation) in 15 minutes. 
The initial rate of nucleotide reduction is, therefore, 10.2 * 4/13.5 or 3 
ymoles per hour per mg. of chlorophyll. 

If one assumes that possibility (2) is correct, and, in addition, also as- 
sumed the absence of an isotope effect, then the rate of nucleotide reduc- 
tion would be higher than that calculated above, since less deuterium would 
be incorporated under these conditions per micromole of DPN reduced 
and subsequently reoxidized. In this case, as above, the same amount of 
deuterium would be incorporated in the reduction process. However, a 
part of the deuterium present in the reduced DPN would be removed if 
the oxidation process was not stereospecific. Thus, only a fraction of the 
deuterium present in the reduced DPN would appear in the oxidized DPN. 
Therefore, a greater amount of nucleotide would have to undergo reduction 
and subsequent oxidation to account for the amount of deuterium present 
in the oxidized nucleotide. 

The rate of DPN reduction calculated above (3 umoles per hour per mg. 
of chlorophyll) is comparable to that reported by Vishniac and Ochoa (2) 
for the reduction of pyridine nucleotides in the presence of an added cou- 
pling system. However, it is quite low compared to the rate of photo- 
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chemical reduction of ferricyanide by the grana used in these experiments 
(12 wmoles per hour per mg. of chlorophyll) and very much lower than the 
rate of photosynthesis in intact plants. It is interesting, however, that 
the rate of DPN reduction appears to be the same whether or not an ex- 
ternal coupling system is provided. This finding supports the hypothesis 
proposed by Vishniac and Ochoa (2) that ‘the rate-limiting step in these 
experiments is probably the reduction of the pyridine nucleotides. The 
grana may be deficient in one or more of the factors required to transfer 
hydrogen from the photolytic system to the pyridine nucleotides.” Addi- 
tional evidence in support of this hypothesis has recently been obtained 
in our laboratory. We have been able to obtain a soluble extract from 
chloroplasts or whole spinach leaves which is required for the reduction of 
pyridine nucleotides under the conditions of low grana concentration. A 
description of the preparation and properties of this extract is in prepara- 
tion.’ 

Faster rates of nucleotide reduction have been reported by Hendley and 
Conn (20), using the TPN-glutathione reductase system from wheat germ 
or parsley. It is possible that the reductase preparations used in these 
experiments contained the enzyme we have isolated from chloroplasts (or 
whole spinach leaves) which is required for the reduction of pyridine nu- 
cleotides as indicated above. 


The authors are indebted to Dr. Sidney P. Colowick for many helpful 
suggestions and discussions and to Dr. Nathan O. Kaplan for a generous 
gift of DPNase. 


SUMMARY 


Experiments have been described which indicate that grana obtained 
from spinach leaves can incorporate deuterium from the medium into di- 


or triphosphopyridine nucleotide in the light. A possible mechanism for 


this incorporation is discussed. 
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STUDIES ON THE DISSOCIATION OF HISTONES FROM 
THE NUCLEOHISTONE OF CALF THYMUS* 


By CHARLES F. CRAMPTONT 


WITH THE TECHNICAL ASSISTANCE OF Joyce F. SCHEER 
(From The Rockefeller Institute for Medical Research, New York 21, New York) 
(Received for publication, January 18, 1957) 


Complexes which contain deoxyribonucleic acids and histones have been 
extracted from a wide variety of tissues (2). Mirsky and Ris (3) have 
demonstrated that the components of such complexes occur combined in 
isolated chromosomes. However, nucleohistone complexes can also be 
produced in vitro simply by mixing solutions of the constituent polyelec- 
trolytes. For this reason, it is difficult to decide whether the products 
that can be isolated directly from tissues correspond to compounds which 
exist in the living cells or whether they are artifacts which arise during the 
extraction procedures. This problem, which has repeatedly received at- 
tention since the time of Kossel, has been discussed by a number of authors 
(Kossel (4), Mirsky and Ris (3), and Chargaff (5)). 

Recent evidence has made it clear that both of the principal moieties of 
nucleohistones, the deoxyribonucleic acid (6-8) and the histone (see Cramp- 
ton et al. (9) for references in the literature) consist of mixtures of chemi- 
cally different components. If these heterogeneous polyacids and poly- 
bases are already combined zn vivo, it would not be unreasonable to expect 
that particular fractions of deoxyribonucleic acid are preferentially asso- 
ciated with particular histone fractions. The existence of specific combina- 
tions might be detected by partially dissociating a “native’” nucleohistone 
on the one hand and, on the other hand, a “reassociated”’ nucleohistone 
which had been produced in the laboratory by recombining the separate 
constituents. The liberation under identical conditions of different prod- 
ucts from the two types of nucleohistone would suggest that the fractions 
were originally associated in a specific manner. Previous studies revealed 
that fractions of deoxyribonucleic acid, which had similar base compositions, 


* A brief description of portions of this work was presented before the meeting of 
the Federation of American Societies for Experimental Biology, Atlantic City, April, 
1956 (1). 

t Present address, Departments of Pathology and Biochemistry, College of Medi- 
cine, University of Florida, Gainesville, Florida. 

1 The term ‘‘native’’ is not used in an absolute sense, but only in contrast to the 
term ‘‘reassociated.’’ See Crampton et al. (10) for a description of native and re- 
associated nucleohistones which were prepared by procedures slightly different from 
_ those employed here. 
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were liberated when native and reassociated nucleohistones were partially 
dissociated (8). In the present study the histones have been investigated. 
For this purpose, chromatography on IRC-50 (9) has been employed to 
characterize the mixtures of histones liberated. 


EXPERIMENTAL 


Unless otherwise noted, all operations were carried out at 4°. The 
native! nucleohistones (Experiments 1, 2, 5, and 6, Tables I and II) that 
served as the starting products for all further procedures were prepared 
from nucleohistone extracts obtained by 1 to 2 hours of extraction of 
washed residue of calf thymus with distilled water in the manner already 
described (9, 11). The reprecipitated native and reassociated products 
were prepared from these materials and subsequently processed in parallel 
to avoid the effects of differential aging. ‘The reassociated products were 
prepared by briefly exposing the native nucleohistone to the dissociating 


action of strong neutral salt solutions (10). For reasons stated below, | 


either NaCl or Ba(OAc)2 was used for this purpose. Histone samples 
were ready for chromatography about 15 hours after the death of the ani- 
mal. In order to determine their total ninhydrin color, the nucleohistone 


preparations were dissolved in suitable volumes of 0.6 m Ba(OAc)s, and 1 | 


ml. aliquots were analyzed by the ninhydrin method. 

Reassociated and Native Nucleohistones Prepared by Action of NaCl—To 
prepare reassociated nucleohistone, the native nucleohistone mentioned 
above was first suspended in distilled water (the product from 42 gm. of 
calf thymus per 100 ml.) and an equal volume of 4 m NaCl was added 
with thorough mixing. After 30 minutes, the viscous mass was slowly 
added, with gentle stirring, to a 9-fold volume of distilled water. The 
NaCl molarity was thereby lowered to 0.2m. After 30 minutes, the fibrous 
precipitate of reassociated nucleohistone was collected and squeezed on a 
sintered glass funnel with a spatula to remove excess fluid. 

To effect fractional dissociation of the histones from this reassociated 
nucleohistone (Experiments 7b and 8b, Table II), the product was first 
cut into small pieces and dispersed in distilled water (100 ml. per 20 gm. 
of original calf thymus) with the aid of a high speed mixer (see Crampton 
etal. (11)). A 2-fold volume of 0.3 m Ba(OAc): at pH 8 was added drop- 


wise with mechanical stirring in order to bring the molarity to 0.2 M. 
When a different final concentration of Ba(OAc)2 was desired, the molarity 
of the Ba(OAc), solution added was adjusted accordingly. After 30 min- 
utes, 2 volumes of ethanol were added, and 15 minutes later the mixtures 
were centrifuged (5 minutes at 2000 X g). The supernatant fluids were 
filtered, evaporated to dryness, redissolved, and adjusted for chromatog- 
raphy to 0.1 m Ba(OAc)s, pH 6. 
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TABLE I 
Dissociation of Nucleohistones by Aqueous Barium Acetate 

Initial Per cent ninhydrin colort 

: nucleo- liberated when finil Ba(OAc)> 

—— Preparation Specimen of nucleohistone molarity was 
vO. 

0.10 0.15 M 0.20 
1 22 N ative, starting product ! 28 
2 27 32 
3a 23 ” Ba(OAc)>.-treated | 25 
3b Reassociated, Ba(OAc):.-treated 25 
da 26 Native, Ba(OAc).2-treated§ 11 27 32 
4b Reassociated, Ba(OAc).-treated 10 25 27 


* Consult the experimental section of the text for details of the experimental 
arrangement. 
t Referred to the color given by the nucleohistone in aqueous 0.6 mM Ba(OAc)>. 

t In this experiment, the 0.3 m Ba(OAc), added to the nucleohistone was pH 6 
rather than pH 8. 
§ At 0.01 m and 0.06 m Ba(OAc)2, pH 6, 0.4 and 3.5 per cent, respectively, of the 
ninhydrin color of this specimen remained in the supernatant fluid. 


TABLE II 


Dissociation of Nucleohistones in Ethanolic Barium Acetate 


Per cent ninhydrin colort 


Initial iberated when final Ba(OAc):2 
~<a "Preparation Specimen of nucleohistone molarity was 
oO. 
0.05 m | 0.067 m| 0.20 m | 0.33 mw 
5 21 Native, starting product 17 
6 22 66 
7a 19 Native, NaCl-treated 13 20 72 
7b Reassociated, NaCl-treated 11 11 68 
8a 20 Native, NaCl-treated 12 19 79 
8b Reassociated, NaCl-treated 11 17 81 
9a 27 Native, Ba(OAc),.-treated 21 
9b | Reassociated, Ba(OAc).-treated 30 


* Consult the experimental section of the text for details of the experimental 
arrangement. 
+t Referred to the color given by the nucleohistone in aqueous 0.6 mM Ba(OAc)>. 

t In this experiment, the 0.3 m Ba(OAc).2 added to the nucleohistone was pH 6 
rather than pH 8. 


A reprecipitated native nucleohistone with an experimental history 
closely comparable to that of the reassociated product was prepared from 
the native nucleohistone starting material by adjusting the NaCl concen- 
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tration directly to 0.2 m as follows: A suspension of the native product in 
distilled water (the same concentration as was used to prepare the reasso- 
ciated product) was thoroughly mixed with an equal volume of distilled 
water. After 30 minutes, the mixture was poured slowly with stirring into 
a 9-fold volume of 0.222 m NaCl. After an additional 30 minutes, the — 
precipitate (largely granular) was collected by centrifugation. Fractional — 
dissociation of this reprecipitated native nucleohistone was carried out 
with Ba(OAc), and ethanol, exactly as described above for the reassociated 
material (see Experiments 7a and 8a, Table IT). 

For purposes of comparison, the original native nucleohistone starting 
material (Experiments 5 and 6) was also fractionally dissociated in the 
manner described above. In some instances (Experiments 1 and 2), the 
histones present in the aqueous extract before the addition of ethanol were 
also determined by chromatographic analysis of an aliquot of the solution. | 
In these experiments, the 0.2 mM Ba(OAc)2 suspension of the nucleohistone 
(pH 8 in Experiment 1, and pH 6 in Experiment 2) was centrifuged, and 
the supernatant fluid was filtered, diluted to 0.1 mM Ba(OAc)s, and adjusted 
to pH 6 (if necessary) before chromatography. The Ba(OAc).-ethanol 
extracts (Experiments 5 and 6) were obtained in exactly the manner de- 
scribed for Experiments 7a and 8a. 

Reassociated and Native Nucleohistones Prepared by Action of Ba(OAc)2— 
Differences between the reassociated nucleohistones and reprecipitated | 
native nucleohistones prepared in NaCl might arise from unequal losses of 
histone to the supernatant fluids remaining after the final reprecipitation 
from 0.2 mM NaCl. To cover this eventuality, reassociated and native 
nucleohistones, analogous to the products described in the previous section, 
were prepared by the use of Ba(OAc)2. In this manner, it was not neces- 
sary to discard the supernatant fluids before chromatography. 

In Experiment 3a, the native nucleohistone starting product from 30 
gm. of calf thymus was dispersed in 100 ml. of water. To one-half of this 
suspension, 21.5 ml. of 2 m Ba(OAc)s (pH 8.5) were added to increase the 
Ba(OAc), concentration to 0.6 M in order to promote dissociation. To 
bring about reassociation, 145 ml. of water were added (after 30 minutes) 
and the resulting mixture (0.2 M in respect to Ba(OAc)2) was stirred for 30 
minutes and centrifuged. The supernatant fluid was filtered, diluted to 
0.1 m Ba(OAc), and adjusted to pH 6, and used directly for chromatog- 
raphy. The other half of the suspension of the native nucleohistone was 
diluted with 21.5 ml. of water, followed by 145 ml. of 0.3 m Ba(OAc); 
(pH 8) added slowly and with thorough mixing. After 30 minutes, the 
mixture was centrifuged as before, the supernatant fluid was filtered, diluted 
to 0.1 mM Ba(OAc)s, adjusted to pH 6, and used directly for chromatography. — 
This material is referred to as native nucleohistone (Ba(OAc)2-treated) in_ 
Table I, Experiment 3a. 


A 
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In Experiment 4b, three aliquots of a suspension of the original native 
nucleohistone starting product were diluted with an equal volume of 1 m 
Ba(OAc)2, pH 6, to promote dissociation. After 30 minutes, a sufficient 
volume of distilled water was added to the aliquots to reduce the molarity 
of Ba(OAc): from 0.5 to 0.2 m, 0.15 m, and 0.1 M, respectively. After 30 
minutes the mixtures were centrifuged, and the supernatant fluids were 
filtered and diluted to 0.1 m Ba(OAc):2 for chromatography. The corre- 
sponding extracts of native nucleohistones (Experiment 4a) were prepared 
by diluting aliquots of the same suspension of native nucleohistone with 
an equal volume of distilled water. After 30 minutes, enough 0.33 M, 
0.215 mM, or 0.125 m Ba(OAc)s, pH 6, was added to raise the Ba(OAc), 
molarity from 0 to 0.2 m, 0.15 m, and 0.1 M, respectively. The mixtures 
were clarified and prepared for chromatography as above. 

In Experiment 9b, native nucleohistone was dispersed in distilled water 
as before, and dissociation was effected by adding enough 1 m Ba(OAc)s, 
pH 6, to bring the mixture to 0.6 m. After 15 minutes, reassociation was 
allowed to take place by adding distilled water to reduce the concentration 
of Ba(OAc)2 to 0.2 m. After an additional 15 minutes, a 2-fold volume of 
95 per cent ethanol was added. The mixture was centrifuged, and the 
supernatant fluid clarified, freed from alcohol, and prepared for chroma- 
tography as described for Experiments 7 and 8. 

In the parallel Experiment 9a, native nucleohistone was partially dis- 
sociated by adding enough 0.231 m Ba(OAc)2 to a distilled water suspension 
of the histone to bring the concentration of Ba(OAc). to 0.2 mM. Ethanol 
was then added and the mixture clarified and prepared for chromatography 
as for the reassociated product. 

Chromatography of Histones—Appropriate aliquots of all samples of his- 
tones were chromatographed on 10 X 0.9 cm. columns of Ba IRC-50 which 
had been equilibrated with 0.1 m Ba(OAc)2, pH 6. The eluent of gradu- 
ally increasing Ba(OAc): concentration was produced by continually adding 
1.0 m Ba(OAc)s, pH 6, to a 50 ml. mixing chamber initially filled with 0.1 
M Ba(OAc)2, pH 6 (see Crampton et al. (11)). 


Results 


Dissociation of Nucleohistones by Aqueous Ba(OAc):x—When native nu- 
cleohistone is suspended in 0.20 m Ba(OAc)s, a portion of the histone is 
brought into solution, but the entire nucleic acid remains insoluble. Chro- 
matography of the products dissociated in this manner (from Experiments 
1 and 2) reveals that only material emerging at the position of histone 
Fraction A is liberated (11). The fact that this fraction is readily disso- 
ciated from nucleic acid was exploited successfully in the methods used by 
Davison and Butler (12), by Davison and Shooter (13), and by Daly and 
Mirsky (14), who originally prepared materials that had amino acid com- 
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positions similar to the Fraction A subsequently isolated chromatographi- 
cally (9, 11). From Table I it is apparent that both native and reasso- 
ciated nucleohistones yield similar percentages of the total ninhydrin color 
when they are dissociated by the action of aqueous 0.2 m Ba(OAc)>s (Ex- 
periment 3, Table I), or by aqueous Ba(OAc), of lower molarity (Experi- 
ment 4). The chromatograms of the histones liberated are given in Fig. 
1, and show that only Fraction A is dissociated from both types of nucleo- 
histone. Chromatograms (not shown) of the histones dissociated by aque- 
ous Ba(OAc)2 at lower molarity also revealed that only histones emerging 
at the position of Fraction A were liberated. Attempts to dissociate 
Fraction B near neutrality by treating the nucleohistones with Ba(OAc), 


3 5 (a) from “native” (b) from reassociated! 
= 020+ nucleohistone q nucleohistone 
e & 
S 
0.10 
y 
Effluent mi. 25 50 75 25 50 | 
pH 6.0 [0.1m (50 m1) >1.0M] pH 60 [0.1m (50 ml) ——+1.0™] 


Fig. 1. Chromatography of histones dissociated (a) from native, and (b) from 
reassociated, nucleohistones by 0.2 m Ba(OAc), (Ixperiment 3, Table I). In each 
experiment, a6 ml. sample, containing the product from 0.18 gm. of calf thymus, was 
chromatographed. 


at higher molarity were unsuccessful. Above 0.3 Mm Ba(OAc)s, nucleic acid 
begins to dissolve. | 

Thus, native and reassociated nucleohistones could not be distinguished 
by the amounts nor by the chromatographic behavior of the histones 
liberated by treatment with aqueous Ba(OAc)>. 

Dissociation of Nucleohistones by Ba(OAc)2 and Ethanol—Whereas dilute 
aqueous Ba(OAc)>. is able to liberate substantially all of histone Fraction 
A and none of Fraction B, the action of Ba(OAc), and ethanol is much 
more complicated. In the first place, when a 2-fold volume of ethanol is 
added to nucleohistone dissolved in 0.6 mM Ba(OAc)s, thereby lowering the 
Bat* concentration to 0.2 mM, the amount of ninhydrin color remaining in 
the supernatant fluid is twice as great as that found when a similar quantity 
of nucleohistone is exposed to 0.2 M aqueous Ba(OAc)s. (compare Experi- 
ments | and 2 with Experiment 6, Table II). This observation formed 
the basis of the more rapid procedures for the preparation of the histone 
mixtures from which Fractions A and B were isolated chromatographically 
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(11). Chromatographie analysis of the Ba(OAc).-ethanol supernatant 
fluid reveals, as might be expected from the increased ninhydrin color, the 
presence of considerable Fraction B, in addition to Fraction A (Fig. 2). 
The amount of Fraction A remaining in the ethanolic supernatant fluids, 
however, is less than would have been found in the aqueous Ba(OAc), 
extracts before the ethanol was added. Apparently ethanol, while liberat- 
ing some of Fraction B, causes some of Fraction A to reassociate with the 
suspended nucleohistone. 

Although native and reassociated nucleohistones cannot be differentiated 
by the histones liberated by aqueous Ba(OAc)s, a difference between the 
two preparations does appear when ethanol is added to the aqueous mix- 
tures. This fact is illustrated in Figs. 2 and 8. Fig. 2 compares nucleo- 
histones previously treated with NaCl; Fig. 3 compares those previously 
treated with Ba(OAc)s. In Fig. 2, it will be noted that at the lower con- 
centrations of Ba(OAc)s, upon the addition of ethanol, more Fraction B is 
liberated and less Fraction A remains dissociated from the native than 
from the reassociated nucleohistone. Thus, in Fig. 2, a, 9 per cent of the 
maximal obtainable Fraction A and 12 per cent of Fraction B are found, 
whereas the corresponding values for Fig. 2, d are 20 and 6 per cent, re- 
spectively. If the final Ba(OAc): molarity is raised from 0.05 m (Fig. 2, a 
and d) to 0.067 m (Fig. 2, b and e), 35 per cent of Fraction A and 17 per 
cent of Fraction B are obtained from the native nucleohistone, and 44 per 
cent of Fraction A and 8 per cent of Fraction B from the reassociated ma- 
terial. A similar result is shown in Fig. 3. However, the mixtures of 
histones obtained from the two types of nucleohistones when the final 
Ba(OAc), concentration is raised to 0.33 Mm are indistinguishable (Fig. 2, c 
and f). Apparently the mixtures of histones obtained from native and 
reassociated nucleohistones by the action of Ba(OAc). and ethanol are not 
demonstrably different when more than about 30 per cent of the total 
histone has been liberated. The series of chromatograms (not shown) ob- 
tained from Experiment 7, Table II, was similar to those shown in Fig. 2, 
which were obtained from Experiment 8. 

Because it contains more arginine, histone Fraction B is more basic 
than histone Fraction A. This fact explains why Fraction B is eluted 
from the acidic resin IRC-50 less readily than histone Fraction A (9, 11). 
The partial dissociation experiments indicate that in native nucleohistone 
a significant portion of the more basic histone Fraction B is attached by 
linkages which are relatively easily ruptured by Ba(OAc).-ethanol. In 
reassociated nucleohistone, a much lower proportion of the histone Frac- 
tion B is easily liberated by Ba(OAc).-ethanol. It would therefore appear 
that some of the linkages initially present are not restored if native nucleo- 
histone is dissociated by strong salt solutions and allowed to reassociate 
in dilute salt solution. 
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Native Reassociated 
A (d) 
0.10 
S 0.05 B 
= (e) 
SG oO 
> § 
0.20} 
=< 
& 
< 2 ol 
J 
oO 
£ 0.75; (c) (f) 
& 250 
0.25+ be 
Effluent ml. 25 50 15. 75 
pH 6.0 (50 ml.) —~1.0M] pH 60 [0.1m (50 m1.) —~1.0™] 


Fig. 2. Chromatography of histones obtained from native (a, b, and c), and from 
reassociated (d, e, and f), nucleohistones by the addition of 2 volumes of ethanol to 
mixtures in 0.5 mM Ba(OAc), (a and d), 0.20 mM Ba(OAc). (6 and e), and 1.0m Ba(OAc); 
(c and f) (Experiment 8, Table II). Each pattern has been drawn to represent the 
product obtained from 0.4 gm. of calf thymus. 


020+ (a) from “native” | | fom reassociated| 

nucleohistone nucleohistone 

2 

8.2 A A 

© 0.10; 

B 

= 

~ Effluent ml. 25 50 75 25 50 75 

pH 40 [0.1m (50 ml) -1.0m] pH 60 [0.1M(50 ml) ~1.0M] 


Fig. 3. Chromatography of histones obtained (a) from native, and (b) from re- 
associated, nucleohistones by the addition of 2 volumes of ethanol to suspensions of 
the materials in 0.2 m Ba(OAc)2; the samples correspond to Experiment 9, Table II. 
In each experiment, an 8 ml. sample, containing the product from 0.16 gm. of calf 
thymus, was chromatographed. 


Cc. F. CRAMPTON 503 


The observed differences might depend on a number of physical or chem- 
ical features of the nucleohistones. If histones become associated with 
nucleic acids tn vivo in a highly stereospecific manner, such as that proposed 
for the attachment of protamines to nucleic acid (15), the original mode 
of combination might not be restored upon more or less random reassocia- 
tion in vitro.2 It is significant in this connection that the nucleohistone 
of calf thymus contains nearly as many residues of arginine plus lysine plus 
histidine as total residues of phosphorus’ (see Crampton e¢ al. (11), Table 
IV). The nature of the difference which has been detected in the present 
study would suggest that in the native nucleohistone a larger proportion 
of the more basic histone Fraction B is associated with less acidic fractions 
of the deoxyribonucleic acid than is the case in the reassociated nucleo- 
histone. It is also possible that, in the native complex, the histones are 
bound to the nucleic acids principally by electrostatic forces, whereas in 
the reassociated product the histones are bound as well by non-ionic forces 
similar to those which cause isolated histones to aggregate* with each 
other. Regardless of what factors ultimately are responsible for the differ- 
ences, the present findings suggest that at least a portion of the components 
of nucleohistones are originally combined in vivo in a manner which is not 
restored upon random reassociation. In assuming a molecular weight of 
10° for deoxyribonucleic acid (17) and a molecular weight of 10‘ for the 
histones (compare the discussion of the molecular weights of histones (11)), 
it is apparent that in the nucleohistone of calf thymus there must exist 
about 150 molecules of histone for each molecule of nucleic acid. There- 
fore, even within a single complex of average over-all composition, enor- 
mous variety could be achieved by varying the locations where the differ- 
ent protein molecules were joined to a molecule of nucleic acid. The 
possibility of the existence of such isomerism in the nucleoprotamines has 
been discussed by Felix and coworkers (18, 19). Dissociation and reasso- 
ciation in vitro of the nucleohistones of calf thymus probably produce 
isomers in which the histone molecules have assumed new positions along 
the nucleic acid molecules. That many of the properties of nucleohistones 
would not be affected by such isomerism is indicated by previous work 
(20, 10, 8, 21), which showed that native and reassociated nucleohistones 
are indistinguishable according to certain criteria. 


2 Reassociation of the components at higher dilution might give a product more 
similar to the original, native nucleohistone. The properties of reassociated pro- 
tamine nucleate appear to be markedly dependent upon the concentration of the 
protamine and nucleic acid in the solutions that are mixed (16). 

’ Dr. J. A. V. Butler and Dr. P. F. Davison (personal communication) have also 
noted a correlation between the number of arginine residues and the number of 
phosphate groups in the nucleohistone of calf thymus. 

‘Trautman, R., and Crampton, C. F., to be published. 
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SUMMARY 


Nucleohistone specimens which were prepared by conditions not con- 
ducive to dissociation of the component histones and deoxyribonucleic 
acids have been compared with the corresponding materials produced by 
intentional dissociation and reassociation. Treatment with Ba(OAc)s and 
subsequently by ethanol under suboptimal conditions was used to liberate 
the histones from both types of nucleohistone. The histones liberated 
were determined by chromatography on Ba IRC-50. It was found that 
more histone Fraction B and less histone Fraction A remained dissociated 
after treatment of the native nucleohistone than was the case with the 
reassociated product. ‘This finding has been interpreted to indicate that 
the original combination of histones and deoxyribonucleic acid 7n vivo is, 
at least in part, specific. 
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Patients with porphyria usually discharge large amounts of uropor- 
phyrins, mainly as a mixture of the isomers I and III, as well as other 
porphyrins. Knowledge concerning their quantitative distribution in 
the disease has long been sought. The chromatographic separation of 
methyl esters of uroporphyrin I and ‘‘Waldenstrém porphyrin” (1, 2), 
then believed to be uroporphyrin ITI, was described by Fischer and Hof- 
mann (3), with talc as the adsorbent. Working with the same adsorbent, 
Grinstein, Schwartz, and Watson (4) and Watson, Schwartz, and Hawkin- 
son (5) found no evidence of uroporphyrin III in the Waldenstrém porphy- 
rin. Nicholas (6) also reported no separation of the isomers on tale and 
other adsorbents. The recent articles by Nicholas and Rimington (7), 
Kennard and Rimington (8), Watson and Berg (9), and Watson et al. (10), 
while presenting the different views on the controversial Waldenstrém 
porphyrin, have indicated an urgent need of a better method of separating 
the uroporphyrin isomers. The present paper is concerned with the 
chromatographic separation of methyl esters of uroporphyrins I and III 
on a “Hyflo Super-Cel” column and the chemical nature of the so called 
Waldenstr6m porphyrin isolated from acute cutanea, tarda and patients 
with a mixed type porphyria. 


Procedure and Results 
Materials 


Uroporphyrin I (UI) methy! ester, m.p. 293-295°, was a gift from Dr. 
Watson and Dr. Schwartz;! uroporphyrin III (UIII) methyl ester (tura- 
cin), m.p. 258-260°, was a gift from Dr. Rimington;! and Gray’s Walden- 


* This investigation was supported by a research grant, No. RG-1598(C5), from 
the National Institutes of Health, Public Health Service. 

1 The authors wish to thank Dr. C. J. Watson and Dr. 8. Schwartz of the Uni- 
versity of Minnesota, Minneapolis, Dr. C. Rimington of the University College Hos- 
pital Medical School, and Dr. C. H. Gray of King’s College Hospital Medical School. 
London, England, for their gifts of special porphyrins. 
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str6m porphyrin ester, m.p. 251—256°, a typical sample from a patient with 
acute porphyria (11), was a present from Dr. Gray.! 

Other porphyrin samples were isolated from urine of patients with por- 
phyria:? Patient 2, a female aged 51, was afflicted with porphyria cutanea 
tarda for years but suffered no abdominal pain or nervous symptoms; 
Patient 3, a male aged 50, had the same symptoms as Patient 2; Patient 4, 
a male aged 52, a familial victim of intermittent acute porphyria, was 
totally paralyzed for 3 months; Patient 5, a female aged 43, was afflicted 
with a mixed type with abdominal pain and skin lesions; Patient 6, the son 
of Patient 5, aged 20, showed cutaneous lesions 6 months previously; 
Patient 7, an 81 year old male with cutanea tarda, suffered from sclerosis 
and severe skin lesion. After his death from a brain hemorrhage, samples 
of the liver and serum were kept in a freezer. 

The total porphyrins were generally isolated from the urine samples by 
adsorption on talc, and from the liver by ethyl acetate-acetic acid and 
dilute ammonia extraction, followed by esterification and chromatography. 
A number of less known porphyrins, including the one hereafter tenta- 
tively designated as “7IIL’”’ porphyrin, its methyl ester melting at 217- 
218°, were isolated from large volumes of urine from Patients 2 and 3. 

The Waldenstrém porphyrin (1, 2) was prepared from the ether-ex- 
tracted urine samples by extraction with ethyl acetate at pH 3.0 to 3.2. 
The ethyl acetate solution of the porphyrin was evaporated to dryness 
under a reduced pressure and esterified as usual. 


Chromatography 


Hyflo Super-Cel Column Chromatography—The Hyflo Super-Cel is an 
amorphous diatomaceous silica produced by Johns-Manville. Because of 
the loose and sandy nature of the adsorbent, the column was packed with 
small portions at a time of the dry material, with increasing suction. The 
sample to be chromatographed was dissolved in a small volume of chloro- 
form and mixed thoroughly with a small amount of Hyflo Super-Cel. 
After the adsorbed sample was dried in air, it was carefully placed on the 
top of the column and packed to a uniform layer of 2 to 3 mm. thickness. 
Then another 1 cm. layer of Hyflo Super-Cel was packed on top of the 
sample to protect it from being disturbed by the developing solvent and 
to maintain a uniform start of the development. A slight suction, applied 
before the developing solvent was introduced, was maintained during the 
development and stopped as soon as the solvent front reached almost to 


2 Urine samples from Patients 2 and 3 were made available to us through the 
courtesy of Dr. M. Zimmerman of Whittier, California, and those from Patients 4 to 
7 were provided through the courtesy of Dr. A. Redeker, Dr. R. Sterling, and Dr. N. 
Chiamori of the County Hospital, Los Angeles, California. 
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the bottom of the column. With these precautions, streaking was pre- 
vented. 

The developing solvent, used for the primary separation of the crude 
porphyrin esters, is composed of chloroform (U.S. P.) and light petroleum 
ether (b.p. 30-60°) in a volume ratio of 1:2. The crude porphyrins from 
the cutanea tarda and mixed type patients (Patients 2, 3, 5, and 6) revealed 
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TextT-Fia. 1. Chromatograms of porphyrin methyl esters from porphyria urine. 
A, separation of the total porphyrins on the Hyflo column. C I III stands for 
coproporphyrin I and III; U I III for uroporphyrins I and III; 7 III, 5 I III, 6 III, 
and 8 for less known porphyrins; B, distribution of UI and UIII on a typical long 
Hyflo column; C and D, separation of the Waldenstrém porphyrin from an acute case 
(Patient 4) onan MgO column (6) anda Hyflo column, respectively; and Z, separation 
of the Waldenstrém porphyrin from Patient 6 on an MgO column with a modified 
developing solvent (see the text). 


more than six distinct zones on the column, representing more than eight 
different porphyrins. The major zone contained esters of uroporphyrins 
and was located just above the “7III”’ porphyrin zone (Text-fig. 1, A). 
The zones were, respectively, cut out and eluted with chloroform. The 
isomers were not separated on the primary column. 

For the separation of esters of uroporphyrins I and III, a longer chro- 
matographic tube, 1.8 K 40 cm., was used. It was packed with Hyflo 
Super-Cel to a height of 30 cm. or more. A thin layer of the sample- 
adsorbed Hyflo Super-Cel and another layer of plain Hyflo Super-Cel were 
successively introduced onto the top of the column as described before. 
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The column was first irrigated with 50 ml. of benzene and then with 50 
ml. of a mixture of chloroform and benzene (both reagent grade, 1:2). 
It was followed successively by 50 ml. portions of the same mixture con- 
taining, respectively, 1, 2, and 3 drops of ethy] alcohol (60 drops per ml.). 
In about 1.5 hours the porphyrin front almost reached the bottom of the 
column. The volume of the last portion of the developer, that is the 
chloroform-benzene mixture containing 3 drops of alcohol per 50 ml., may 
be increased or reduced according to the location of the advancing porphy- 


rin front. With the aid of ultraviolet light, the entire fluorescent zone, © 
which might measure about 12 cm., was marked out in cm., and the frac- _ 
tions were removed cm. by cm. and dried in air. Each fraction was then © 


repacked in a small Allihn type filter tube and eluted with chloroform. 
Of the dozen fractions, several lower ones contained only UI ester, the 
upper ones only UIII, and the middle ones unresolved mixtures of different 
compositions. The exact distribution of the isomers along the zone varies 
largely with the size and composition of the original sample. When a 


pilot column has been processed with a mixture of about 0.5 mg., the whole — 
fluorescent zone may be divided into seven or even five fractions, with the — 
top and bottom fractions thicker than several cm. and the middle ones | 


thinner than 0.5 em. Oftentimes only about 0.5 cm. of the zone some- 
where below the middle line was found to contain both isomers. It is 
advisable to remove the fractions from both ends of the column and to use 
a separate filter tube for the elution of each fraction in order to avoid any 
unnecessary contamination. 

A larger column of 3 X 60 cm. was used for samples up to 2 to 3 mg. 
and was packed with Hyflo Super-Cel to about three-fourths full. When 
the sample was properly introduced, it was developed first by 150 ml. of 
benzene and then 150 ml. portions of chloroform-benzene (1:2) mixture 
containing, respectively, 0, 3, 6, and 9 drops of ethyl alcohol. The develop- 
ment took 2 to 3 hours. The rest of the procedure was the same as before. 
Here again the unseparated mixture of the isomers occupied about 1 to 2 
cm. of the total 20 to 25 cm. zone. 


Paper Chromatography—For the identification of uroporphyrins and 
their decarboxylation products, coproporphyrins, the paper chromato- — 


graphic methods of Falk and Benson (12) and of Chu, Green, and Chu 
(13) were, respectively, employed with some modifications as follows. 
Chu-Green-Chu Method—The original chromatographic set-up was not 
changed. The first development was made ina mixture of 3 ml. of kerosene 
and 3 ml. of chloroform under a kerosene atmosphere for 20 minutes. The 
second development was made in 5 ml. of kerosene and 0.9 ml. of n-propyl! 
alcohol, also under a kerosene atmosphere for an hour. The solvent front 
of the second dip was marked for the calculation of the Ry values. The 
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base line for spotting the samples was set at 1.2 cm. from the lower edge of 
the paper, and the sizes of the sample and the spot were limited to about 
0.5 y and 2 mm. in diameter, respectively. 

Falk-Benson Method—The above chromatographic set-up was used. 
The first kerosene-chloroform development was also the same as above. 
The second development was made in a mixture of 4.4 ml. of kerosene and 
1.8 ml. of dioxan (reagent grade) under a mixed atmosphere of the same 
amount of the developer placed in the outer beaker for 1 hour at 22-24°. 
At room temperature around 20° or 26°, the volume of kerosene was 
changed to 4.3 or 4.5 ml., respectively. The size of the sample was limited 
to about 0.3 y, whereas the base line and the spot size were kept the same 


as in the Chu-Green-Chu method. With these modifications a better 


separation of the isomeric uroporphyrin esters and reproducible Ry values 
was obtained. The best result was achieved when the sample spot con- 
tained 50 per cent of a mixture of equal amounts of the two pure isomers. 
By addition of such a carrier, the minor constituent of the original sample 
was increased to a value greater than 25 per cent of the total, as observed 
on the paper chromatogram, and consequently the relative intensity of 
each of the two fluorescent spots would be 25 to 75 per cent of the total, 
which was found to be the most satisfactory range for estimation of iso- 
meric proportion. 


Results 


Separation of Uroporphyrins I and III—The crude esters of uropor- 
phyrins isolated from urine of Patients 2, 3, 4, and 6 were all obtained in 
hair-like crystals, but with wide melting point ranges between 265-—280°. 
Each sample was purified by the use of a second column before it was intro- 
duced into a long Hyflo column as described under chromatography. It 
Was a continuous chromatogram with a higher concentration at the lower 
end (Text-fig. 1, B). The eluate of each fraction was analyzed by the 
modified Falk-Benson method. The paper chromatogram of a typical 
pilot batch was shown in Text-fig. 2. Melting points were determined 
after crystallization from chloroform-methanol. The products, melting 
below 260° and showing the same R, values as Rimington’s UIII, were 
mixed as the crude UIII. Those melting above 290° and having the same 


Ry value as Watson’s UI were mixed as the crude UI, and then further 


purified on long Hyflo columns to eliminate any possible contamination 
with one another. The pure UI ester thus obtained melted at 293-295°, 
and the pure UIII ester melted at 258—261° (Fig. 1,a and b). Both showed 
the same absorption maxima at 502, 535, 571, and 626 mu in chloroform. 

In order to determine the efficiency of the Hyflo column in the separa- 
tion of the isomers, an artificial mixture of 245 y of Watson’s UI ester and 
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196 y of Rimington’s UIII ester was subjected to the same procedure. — 


As a result, 145 y of UI ( m.p. 293°), 118 y of UIII ( m.p. 262°), and three 
small fractions of unresolved isomers totaling 51 y were obtained. As shown 
by paper chromatography, these fractions contained about 32 y of UI ester 
and 19 y of UIII ester. Regardless of the loss on the column, an over-all 
yield of 56.4 per cent of UI and 43.6 per cent of UITI against 55.5 per cent 
of the former and 44.5 per cent of the latter in the original sample was 
accounted for. 

The experiments on decarboxylation were carried out in sealed tubes 
according to the procedure of Edmondson and Schwartz (14). The esteri- 
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Text-Fiag. 2. Paper chromatogram of esters of UI and UIII separated on a typical | 


pilot Hyflo column. UI and UIII stand for uroporphyrin I and III markers, Nos. 
1 to 12, for eluates from respective sections of the column (see Text-fig. 1, B). The 
solvent mixture KC-KD consisted of 3:3 ml. of kerosene-chloroform, followed by 
4.4:1.8 ml. of kerosene-dioxan at 22°. 


fied decarboxylation product of each isomer revealed a single zone on a 


Hyfio column and a clear spot corresponding to methyl ester of copropor-— 
phyrin I or III on a paper chromatogram, according to the modified Chu- | 


Green-Chu method. They were readily crystallized from chloroform- 
methanol in the well known crystalline forms of coproporphyrin I (copro-I) 
ester, m.p. 248-250°, and copro-III ester, m.p. 146-148° and 165-—170° 
(Fig. 1,c and d). Their absorption maxima in chloroform were 499, 533, 
568, and 622 my. Other data are listed in Table I. 

Waldenstrém Porphyrin—Although the patients under investigation 
suffered porphyria of different types, the crude Waldenstrém porphyrin 
ester prepared from Patients 2, 4, 5, and 6 crystallized in a more or less. 
similar form with a melting point of about 255-265°. Their chemical 
compositions were, however, different, as shown by the paper chromatog- 
raphy (Text-fig. 3). Patients 2 and 6, both patients with cutanea tarda, 
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and Patient 5, with a mixed type, showed, besides uroporphyrins, the 
presence of more than 10 per cent of a heptacarboxylic porphyrin of the 
III series, “‘7III,’”’ whereas Patient 4, with an acute type, discharged al- 
most exclusively uroporphyrins. The Waldenstrém porphyrin first iso- 
lated by Waldenstrém et al. (1, 2) was also from a patient with acute 
porphyria. In each case the total amount of porphyrins extracted with 


TaBLeE 
Major Porphyrins Isolated from Porphyria Patients 


Uroporphyrin I Uroporphyrin III a 
Weight | M.p. Weight | M.p Weight |M.p. 
aper H aper Hyfl 
chroma- | column chroma column 
me. °C. meg mg 
2 19,60049.5 | 295) 77 78 (14.6 | 23 22 (19.5 | 218 
3 8,280 14.4 293, 65 | 62 8.8 | 261 35 38 13.2 | 218 
4-88; 0.335, 294 5053 | 0.295, 260, 50 47 | 0.002 
§& | 95, 0.030 | 67 0.015 33 0.008 
6 | 60 0.560 293 59 60 | (0.370) 261) 41 40 | 0.168) 218 
Decarboxylation products 
U-I — copro-I U-III — copro-III — copro-III 
Weight of Weight of M.p. of Weight of Weight of M.p. of Weight of Weight of M.p. of 
U-I copro-I | copro-I | U-III |copro-III copro-IIl “7III” |copro-III} copro-III 
Y °C. Y °C. °C. 
2 220 140 252 285 195 149/170 210 135 150/173 
4 120 53 250 
6 125 | 60 251 75 32 148/162 60 28 146/170 


ether and then ethyl acetate was the same as that by the adsorption on 
tale. With the urine from Patient 4 no extraction with ether was per- 
formed, and the minor constituents, “7III,” “‘6III,” etc., amounting to 
much less than 0.5 per cent, were also found in the ethyl acetate extract 
on the Hyflo column (Text-fig. 1, D). 

Of those minor constituents isolated (to be reported later), the “7III” 
porphyrin is of special interest. Apparently its methyl ester is similar to 
the product 208” reported by Grinstein et al. (4) and the ‘‘pseudouro,”’ 
m.p. 211-216°, reported by Falk et al. (15). It was readily separated 
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from other members on a primary Hyflo column and was found to be pres- 
ent in urine samples of all the patients and also in liver and serum of 
Patient 7. After chromatographic purification, it crystallized (not as 
readily as Waldenstrém ester) from chloroform and methanol as fine wool- 


like needles, m.p. 217-218° (Fig. 1, ¢). Its absorption in chloroform at — 
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Text-Fic. 3. Paper chromatogram of esters of urinary porphyrins from different 
patients (Nos. 2, 4, 5, and 6), with their intensity distribution expressed in per- 
centage. E stands for ether-extracted portion, W for ethyl acetate extract or Wal- 
denstrém porphyrin. 


502, 537, 571, and 625 my was observed. The free porphyrin showed its 
best approximate relation to a heptacarboxylic porphyrin on the lutidine- 
water paper chromatogram (16). The HCl number of the porphyrin is 
0.03 and that of its ester is 0.2, as compared with 0.08 and 0.35 for copro- 
porphyrin and its ester, respectively. The presence of this and other 
porphyrins in the ether extract (Text-fig. 3) might have caused some 
variations in the estimation of coproporphyrins of certain crude prepara- 
tions. By decarboxylation, the “7III”’ porphyrin yielded 90 per cent of 
coproporphyrin ITI, its ester melting at 148-150° and 169-173° (Fig. 1, f). 
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For the separation of the Waldenstr6m porphyrin ester, both the MgQO* 
column, according to Nicholas (6), and the Hyflo column were used for 
comparison. The difference of the two chromatograms with the product 
from Patient 4, m.p. 256-265°, was shown in Text-fig. 1, C and D. The 
Hyflo column gave a clear separation of the “7III”’ and others. Similar 
results were obtained from another Waldenstr6m porphyrin from Patient 
6, m.p. 251-262°, on the MgO and Hyflo columns. Although it was known 
from paper chromatography (Text-fig. 3) that Patient 6 contained about 
15 per cent of the “7IIL”’ porphyrin, yet the MgO column still showed no 
separation of this porphyrin and uroporphyrins. However, when the sol- 
vent system, benzene-methanol, was changed to a proportion of 100:2 in- 
stead of 100:4, as originally specified (6), the ‘‘7III”’ ester and uroporphyrin 
esters were also separated on an MgO column (Text-fig. 1, /). 

The uroporphyrin isomers, separated from the Waldenstrém porphyrin 
by a primary Hyflo column, were then separated on a long Hyflo column 
as described before. The isomeric composition of UI and UIIT found by 
the Hyflo column agreed with that found by the paper chromatography 
(Text-fig. 3). The results are listed in Table I. 

A small sample of a considerably purified’ tvpical Waldenstrém porphy- 
rin ester was kindly sent to us by Dr. Gray. It melted, according to Dr. 
Gray, at 251-256°. From our observation through a microscope, it melted 
mainly as reported but not completely until 264—266°, even with a single 
crystal. Its absorption maxima in chloroform were found at 502, 536, 
570, and 626 mu. Ona paper chromatogram it revealed itself as a mixture 
of uroporphyrins with UIII predominating and without any detectable 
amount of the “‘7III” porphyrin. The small sample, 195 y, was chromato- 
graphed on a special 0.75 K 40 cm. Hyflo column, with heavier suction 
throughout the development. Due to the high vacuum created in the 
system, the eluate froze at the outlet of the column. Despite a warm air 
current occasionally blowing around the exit to ease the passage of solu- 
tion, the porphyrin front reached only a little over one-half of the column 
after 5 hours. However, 10 y of UI ester, m.p. 290°, and 78 y of UIII 
ester, m.p. 254-260° (Fig. 1, g and h), were isolated from this column. 
One-third of the sample was still a mixture. By decarboxylation, the 
UIIL yielded 41 y of coproporphyrin III ester. 


DISCUSSION 


Hyflo Super-Cel has been found to be a better adsorbent for the separa- 
tion of porphyrin esters than other materials tested, although the adsorb- 


’ A sample of MgO with an iodine number of 29 was kindly supplied by Dr. Charles 
Rosenblum, Merck and Company, Inc., Rahway, New Jersey. 
* Personal communications. 
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ing efficiency varies slightly from batch to batch. In order to remove 
any undesirable impurity, it should be washed with chloroform and dried 
thoroughly before use. The addition of a small amount of ethyl alcohol 
to the developing solvent helps the spreading of the uroporphyrin zone 
on the column, but larger amounts will prevent the spreading. Chloro- 
form from different companies contains different amounts of alcohol, and 
that of the reagent grade is preferred. 

Attempts have been made to separate esters of UI and UIII into distinct 
zones by increasing the length of the Hyflo column without much success. 
Besides the experimental difficulties encountered in the chromatography 
of Gray’s product, a longer developing time (overnight) increases the 
possibility of partial hydrolysis of porphyrin esters, a phenomenon which 
has also been noticed by other investigators (17) working with alumina 
columns. 

Falk and Benson’s paper chromatographic method (12) for uroporphyrin 
esters has been modified. By changing the proportion of solvents with 
change in room temperature and limiting the size of the sample and the 
developing time, a better chromatogram with reproducible Rr values was 
obtained. As mentioned before, the satisfactory range for estimation of 
isomeric proportion by this method is limited. Therefore, when this 
method is used as a guide for the column chromatography of uroporphy- 
rins, it is advisable to treat those segments nearest to the unresolved ones 
(e.g. Nos. 3 and 7 in Text-fig. 2) from a long Hyflo column still as crude 
products in spite of their satisfactory melting points. 

The esters of UI and UIII separated by the Hyflo column were respec- 
tively identified with Watson’s UI and Rimington’s UIII ester and, also, 
their decarboxylation products were identified. The possible existence of 
uroporphyrins II and IV in nature, as was pointed out by MacDonald 
(18), would add some doubt as to the purity of all the uroporphyrins thus 
far isolated from natural substances, although these contaminants seem 
to be small. 

The identity of our product, the “7III’’ porphyrin, with ‘208’ of Wat- 
son et al. (5) is yet to be established because there are some small differ- 
ences, such as in melting point, HCl number, and sources of materials. 
Watson et al. prepared their “208” from pooled urine of a group of pa- 
tients with acute porphyria, whereas our “7III’’ was mainly from patients 
with cutanea tarda. We did, however, isolate a small amount of ‘‘7III’’ 
porphyrin from Patient 4, also with an acute case of porphyria. Further- 
more, we have found a heptacarboxylic porphyrin of series I (‘71’) on 
decarboxylating UI, its methyl ester melting around 240°. The “‘71”’ por- 
phyrin yielded copro-I on further decarboxylation. 

From our findings thus far, we are inclined to believe that the so called 
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Waldenstrém porphyrin is a group of ethyl acetate-extractable porphyrins. 
From urine of patients with porphyria, it is a mixture of UI, UIII, and 
“7III,” and possibly some “71”? porphyrins. The exact percentage com- 
position of such a mixture varies with the patients and, to a lesser degree, 
with experimental conditions. As Dresel et al. (19, 20) have pointed out, 
even pure UI can be extracted quantitatively into ethyl acetate in a 
strongly buffered solution. In some instances the percentage of ‘7III”’ 
porphyrin may be so small that the product will be the same as the “‘type 
B Waldenstrém porphyrin” of Watson et al. (4, 5, 9, 10). This, of course, 
does not exclude the possibility of a molecular compound of UI and UITI 
with certain definite composition, but experimental evidences, including 
the x-ray diffraction patterns (8, 10), indicate that the chance is small. 
Whether the presence of the “7III”’ porphyrin has some special relation 
to patients with cutanea tarda remains to be seen. 


SUMMARY 


1. The methyl] esters of uroporphyrins I and III (UI and UIII) iso- 
lated from urine and liver of patients with porphyria, including intermit- 
tent acute, cutanea tarda, and mixed types, have been separated on a 
Hyflo Super-Cel column by using chloroform-benzene as the developing 
solvent, thus confirming the presence of disputed uroporphyrin III in 
urine from patients with porphyria. 

2. The procedure of conducting Hyflo columns for the efficient separa- 
tion of porphyrin esters as well as the uroporphyrin isomers has been de- 
scribed in detail. 

3. A less familiar heptacarboxylic porphyrin of series III has been iso- 
lated from these patients. It is readily separable from uroporphyrin esters 
on a Hyflo or modified MgO column. The possible identity of this por- 
phyrin with Watson’s ‘‘208” porphyrin is discussed. 

4. The Waldenstrém porphyrin has been prepared from urine of pa- 
tients with acute porphyria as well as with cutanea tarda. Chromato- 
graphic analyses have revealed its nature as a mixture of UI, UIII, and 
“7III” porphyrins of varying proportions from patient to patient. The 
possibility of a molecular compound with certain definite composition is 
mentioned. 

5. The paper chromatographic methods of Chu-Green-Chu and Falk- 
Benson have been modified for the respective identification of copropor- 
phyrins I and III, and uroporphyrins I and IIT. 


The authors wish to express their appreciation to Sister Agnes Ann 
Green for her interest in this investigation. 
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EXPLANATION OF PLATE 1 


Fic. 1. (a) Crystals of uroporphyrin I methyl ester, m.p. 295°; (b) crystals of uro- 
porphyrin III methyl ester, m.p. 261°; (c) erystals of coproporphyrin I methy] ester, 
m.p. 250°, obtained by decarboxylation of (a); (d) crystals of copro-III methyl ester, 
m.p. 148° and 170°, obtained by decarboxylation of (6); (e) crystals of ‘‘7III’”’ por- 
phyrin methyl ester, m.p. 218°; (f) crystals of copro-III methyl ester, m.p. 150° and 
173°, obtained by decarboxylation of (e); (g) and (hk) crystals of methyl esters of 
uroporphyrins I and III, respectively, separated from Gray’s Waldenstrém porphy- 
rin. Magnification: (e) others X70. 
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FURTHER STUDIES ON THE MECHANISM 
OF PHOSPHOGLUCOMUTASE; THE 
PHOSPHOENZYME BON D* 


By JAMES B. SIDBURY, Jr., ann VICTOR A. NAJJAR 


(From the Department of Pediatrics, The Johns Hopkins University School of Medicine, 


and The Johns Hopkins Hospital, Baltimore, Maryland) 
(Received for publication, November 14, 1956) 


The mechanism by which the enzyme phosphoglucomutase converts 


| glucose 1-phosphate to glucose 6-phosphate was reported earlier (1, 2) and 
involves two distinct steps as follows: 


Glucose 1-phosphate + phosphoenzyme (1) 
Glucose 1,6-diphosphate + dephosphoenzyme 


Glucose 6-phosphate + phosphoenzyme (2) 


The validity of this mechanism was established by characterization and 


- measurement of the component parts of the reaction (2). Thus the en- 
zyme exists in two forms, a phosphorylated and a non-phosphorylated 


form. The phosphorylated mutase loses its phosphate by reacting with 
glucose 1-phosphate or glucose 6-phosphate to produce the diphosphate 


- ineach case. The diphosphate may then react with the dephosphorylated 
mutase. In such a reaction the Cl-phosphate of the diphosphate may be 


transferred to the enzyme to produce the phosphorylated enzyme and 
glucose 6-phosphate. Alternatively, the C6-phosphate may be trans- 
ferred and result in the formation of phosphoenzyme and glucose 1-phos- 


phate. 


The results reported in this paper indicate that the enzyme possesses 
1 mole of phosphate per mole of enzyme and that this phosphate group 


is transferable to either of the two glucose monophosphates. The value 


for the standard free energy of hydrolysis of the enzyme-phosphate bond 
is found to be —3914 calorie, based on a value of —3000 calorie for the 


_ AF° of hydrolysis of the phosphate bond in glucose 6-phosphate (3). The 
_ standard free energy change of each step was calculated from the respec- 
— tive equilibrium constants k,; and k, for Reactions 1 and 2 obtained at 30° 


at pH 7.5. k,; = 4.58 and k, = 3.76, based on an over-all equilibrium 
constant, K = 17.2, for the whole reaction (4, 5). A preliminary account 
of this work was reported earlier (6). 

* This investigation was supported by research grant No. RG-3209 from the Di- 
vision of Research Grants, National Institutes of Health, United States Public 
Health Service. 
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EXPERIMENTAL 
The reaction was started (a) with glucose 1-phosphate and phospho- 
enzyme, (6b) with glucose 6-phosphate and phosphoenzyme, or (c) with 
glucose 1 ,6-diphosphate and dephosphoenzyme. It was carried out under 


the following standard conditions: Mg++, 1 10-* m; histidine, 5 107° 


M; temperature, 30°; pH 7.4. The reaction was terminated by boiling in 
a water bath. 


The glucose 1-phosphate and glucose 6-phosphate (Schwarz Labora- | 


tories, Inc.) used contained no measurable amounts of glucose 1 ,6-diphos- 
phate. Glucose 1 ,6-diphosphate was obtained in part from the Schwarz 
Laboratories and in part through the kindness of Dr. Luis Leloir. Nei- 
ther contained any measurable quantity of the monophosphates. 

Preparation of Enzyme—Phosphoglucomutase was isolated in the crystal- 
line form from rabbit muscle (4). It was particularly fortunate that 
virtually all the enzyme so isolated appeared as phosphoenzyme, as no 
detectable transfer of phosphate occurred when it was allowed to react at 
standard conditions with glucose 1 ,6-diphosphate (2). 

The dephosphoenzyme was prepared by treating the phosphorylated 
enzyme with 4 to 20 times its concentration of glucose 1-phosphate, fol- 
lowed by 24 hours dialysis against tris(hydroxymethyl)aminomethane 


(Tris) buffer, 5 K 10-° m, pH 7.4. This treatment was repeated three | 
times. The enzyme was finally dialyzed for 48 hours against the same — 


buffer. At this point it was fully active, yet was incapable of forming 
glucose 1,6-diphosphate in detectable quantities when allowed to react 
under standard conditions with glucose 1-phosphate. This is indicative 
of the loss of all transferable phosphate from the enzyme. 

The enzyme was assayed by activity measurements under standard 
conditions in the presence of glucose 1,6-diphosphate as activator at a 
concentration of 5 10-® m (2, 4). The calculated molar concentration 
of the enzyme was based on a molecular weight of 74,000 (7). Glucose 
6-phosphate was assayed spectrophotometrically with the glucose-6-phos- 
phate dehydrogenase system (8). Glucose 1 ,6-diphosphate was measured 
by its coenzymatic activity (9) or by measuring the glucose 6-phosphate 
upon hydrolysis in 0.1 ~ HCL for 10 minutes at 100°. Phosphorus was 
measured as the reduced phosphomolybdate (10) at 660 my in the Beck- 
man spectrophotometer with 1.0 per cent Elon (Eastman Kodak Company) 
as reducer, and total phosphorus determinations in enzyme samples were 
made as usual (11). For studies of the rate of the mutase reaction, glu- 


cose 1-phosphate was measured by the hydrolyzable phosphate liberated 


by 1 x H.SO, in 3 minutes at 100°. In the quantitative study at equilib- 


rium states of the phosphoglucomutase reaction, glucose 1-phosphate 


concentration was too low to measure accurately. 
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When either of the glucose monophosphates was allowed to react with 
the phosphoenzyme, the dephosphoenzyme formed was assumed to be 
equivalent to the glucose 1,6-diphosphate formed. The value for the 
phosphoenzyme at equilibrium was then equivalent to the phosphoenzyme 
added minus the dephosphoenzyme formed. When the reaction was 
started with glucose 1,6-diphosphate and dephosphoenzyme, the phos- 
phoenzyme formed was taken to be equal to the sum of the glucose mono- 
phosphate values. ‘The dephosphoenzyme concentration at equilibrium 
was calculated from the amount added less the phosphoenzyme formed. 
No account was taken of other possible equilibria involving Mg*+* complex 
formation or non-specific adsorption of the enzyme protein. 


Results 


As indicated above, the enzyme exists in a phosphorylated and a 
non-phosphorylated form. However, crystalline phosphoglucomutase is 
wholly of the phosphorylated type (2). It is possible that the non-phos- 
phorylated form cannot withstand the procedure used in the isolation of 
the enzyme (4) or that it does not crystallize under those conditions. 

The evidence indicates that the phosphoenzyme has 1 mole of phos- 
phorus per mole of protein. Assays of a number of preparations of di- 
alyzed crystalline enzyme gave values varying between 0.7 and 1.3 moles 
of phosphorus per mole of enzyme. In one experiment, for example, when 
0.202 umole of three times recrystallized phosphoglucomutase was dialyzed 
for 3 days with repeated changes of 0.02 mM Tris buffer, pH 7.4, and assayed 
for total phosphorus, 0.185 umole of phosphorus was found. It was shown 
that all of this phosphorus could be transferred by enzymatic dephospho- 
rylation. In such an experiment the phosphate group of the enzyme is 
completely transferred to the sugar phosphate to form the diphosphate (2). 
The transfer of phosphate from the enzyme is most active with glucose 1- 
phosphate and glucose 6-phosphate, but, judging by the activity of phos- 
phoglucomutase with the monophosphate esters of mannose, galactose, 
and ribose, it is to be expected that the phosphate from the enzyme would 
transfer to these esters also to form the corresponding diphosphate and a 
dephosphorylated mutase, although at a much slower rate (12, 13). Glu- 
cose, fructose, galactose, mannose, and ribose do not react with the enzyme. 

The quantitative data from which the equilibrium constants k; and ks 
were derived for the two steps in the mutase reaction are given in Table I. 
In order to obtain maximal accuracy in the quantitative determinations 
of the participants in the reaction, it was found necessary to use concen- 
trations of the glucose phosphates falling within the same order of magni- 
tude as those of the enzyme. This made it impossible to measure glucose 
l-phosphate because of the unfavorable over-all equilibrium of the reaction 
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(K = 17.2). 


step (k,) from the over-all K and ke. 
to be 3.76. 

Since K = ky X ke, ky = ((17.2/3.76)4.58), where K = (glucose 6-phos- 
phate)/(glucose 1-phosphate), ki = ((glucose 1,6-diphosphate) (dephos- 


phoenzyme)/(glucose 1-phosphate) (phosphoenzyme)), and kz = ((glucose 


TABLE I 
Equilibrium Values for Step II of Phosphoglucomutase Reaction 
Ex- 
Dephosphoenzyme | Glucose 6-phosphate Phosphoenzyme ke 
No. 
umole pmole umole umole 
1 | 0.3200 (0.4250) | 0.0060 (0.1060) | 0.1000 0.1000 5.25 | 
2 | 0.0720 (0.1225) | 0.0090 (0.0570) | 0.0480 0.0480 3.55 | 
3 | 0.1760 (0.2260) | 0.0085 (0.0585) | 0.0980 (0.0480) | 0.0500 3.28 
4 | 0.0064 0.0064 0.0130 (0.0200) | 0.0080 (0.0144) | 2.73 
5 | 0.0037 0.0037 0.0164 (0.0210) | 0.0043 (0.0080) | 5.16 
6 | 0.0080 0.0080 0.0422 (0.0535) | 0.0040 (0.0120) | 2.64 
7 | 0.0180 0.0180 0.0730 0.0200 (0.0380) | 4.50 
8 | 0.0490 0.0490 0.1420 0.0510 (0.0100) | 3.00 


The reaction was carried out under standard conditions in 1 ml. of the reaction 
mixture as follows: histidine, 0.05 m; Mg**, 1 X 10-3 m; pH 7.5; temperature, 30°; | 
incubation time, 10 minutes. In Experiments 7 and 8 the reactants were glucose 
1-phosphate, 0.095 and 0.2 wmole, respectively, as well as phosphoenzyme. The 
values in parentheses represent the initial concentrations of the reactants used. 


6-phosphate) (phosphoenzyme) / (glucose 1 ,6-diphosphate) (dephosphoen- 


zyme)). 
The standard free energy change of the respective steps of the reaction 
was calculated from the following equation (14). 


AF° = —RT1nK 
AF® of Step I = —914 calorie 
AF® of Step II = —800 calorie at 30° 


Total AF® of the over-all reaction based on K of 17.2 (4, 5) is —1714 
calorie. Assuming that the AF®° values for hydrolysis of the glucosyl 


phosphate bond of glucose 1-phosphate and glucose 1 ,6-diphosphate are’ 


It was found practical, therefore, to determine only the} 
equilibrium constant of the second step (k2) and derive that of the first 
The average value for kz was found - 
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very nearly equal,! AF° = —4714 calorie, it follows that AF° for hydrolysis 
of the phosphoglucomutase-phosphate bond is equivalent to —3914 calo- 
rie, t.e. AF° for hydrolysis of the mutase —P = AF°® for hydrolysis of the 
glucosyl phosphate —AF°® Step II or (—4714)—(—800) = —3914 calorie. 


DISCUSSION 


It appears that the phosphate bond in the enzyme is of the low energy 
type and at the hydroxyl phosphate ester level. It is unlikely that the 
bond would be of the enol, acy], or guanidine phosphate type of high energy 
bond unless the protein moiety could so drastically alter the group poten- 
tial of this type of bond as to bring it down to a low level. A pyrophos- 
phate bond can readily be excluded because of the presence of only 1 mole 
of phosphate per mole of enzyme. 

It is significant that the enzyme-phosphate bond is of the low energy 
type with a AF® for hydrolysis about midway between that of the glucosyl 
and the hydroxyl] phosphate bonds. The standard free energy change of 
the whole system is therefore divided almost equally between the two 
steps of the reaction. ‘This serves to lower the activation barrier for the 
reverse reaction and render the latter more efficient. 

The demonstration of two definite steps in the phosphoglucomutase 
reaction as formulated above places this enzyme system well within the 
realm of ordinary chemical reactions. It does not necessitate a special 
type of complex comprising the enzyme and substrates with a template or 
“a lock and key fit’ for surface catalysis (15, 16). This type was advanced 
by Michaelis (15) and is currently considered to include a so called active 
enzyme surface with anchoring points for the substrates. A Michaelis 
type complex is not needed to explain a state of substrate saturation as 
far as the mutase reaction isconcerned. Sucha state is obtained when one 
of the two steps becomes rate-limiting. This does not imply that a transi- 
tion state complex such as that ordinarily assumed in organic chemical 
reactions may not occur. In thisinstance the mutase would have two such 
transition complexes instead of one Michaelis complex. 


SUMMARY 


The equilibria for the two steps in the phosphoglucomutase reaction 
have been determined. While the value for over-all K of the reaction is 


1A basis for this assumption exists in that close agreement has been shown for 


_ the standard free energy of hydrolysis of the phosphate bond on the 6 position of 


fructose in both the fructose mono- and diphosphates, determined with purified 
alkaline phosphatase (3): 

Knonophosphate = ((fructose) (phosphate) /(fructose 6-phosphate) (H2O)) 

Kaipnosphate = ((fructose 1-phosphate) (phosphate) / (fructose 1 ,6-diphosphate) (H,O)) 
AF *monophosphate = —3370 calorie, AF diphosphate = —3675 calorie 
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17.2, the equilibrium constants for the two steps are k; = 4.58 and ik, =— 
3.76. The standard free energy changes are, respectively, —914 calorie 
for Step I and —800 calorie for Step II. The free energy for hydrolysis 
of the enzyme-phosphate bond is —3914 calorie. 
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PURINE CATABOLISM IN MOLYBDENUM DEFICIENCY* 


By DAN A. RICHERT, ROBERT J. BLOOM, anv W. W. WESTERFELD 


(From the Department of Biochemistry, State University of New York, 
Medical College at Syracuse, Syracuse, New York) 


(Received for publication, February 13, 1957) 


A low protein diet (1, 2) removed about three-fourths of the xanthine 
oxidase from the entire rat (3), while a purified diet containing tungstate 
reduced the tissue xanthine oxidase to a level at which it could not be 
detected manometrically (4); neither of these dietary procedures had any 
effect on the uric acid or allantoin excretion by this species. Chicks fed a 
tungstate-containing diet excreted a mixture of xanthine, hypoxanthine, 
and uric acid in response to the marked depletion of tissue xanthine dehy- 
drogenase and molybdenum (4). Either (a) small amounts of xanthine 
oxidase persisted in the tissues of tungstate-fed rats but escaped detection 
by the manometric procedure, or (b) uric acid was formed in rats by a 
pathway which was not molybdenum-dependent, e.g. by the oxidation of 
inosinic acid to xanthylic acid (5) and further oxidation to uric acid ribo- 
tide. Such a possibility was explored previously with rat livers in which 
the xanthine oxidase had been removed by feeding a low protein diet, but 
no alternative pathway which bypassed the Mo-containing xanthine oxi- 
dase could be found (6). 

In the previous study (6) an alternative system might have escaped 
detection if it were also removed from the liver by a protein deficiency. 
This problem has therefore been reinvestigated with livers from which the 
xanthine oxidase was removed by tungstate feeding. Although no xan- 
thine oxidase activity could be detected manometrically in the deficient 
livers, enough of the enzyme was retained to account for the formation of 
the normal daily output of uric acid and allantoin by the deficient rats. 
From a study of net oxygen consumption as well as uric acid and allantoin 
production from various nucleoside and nucleotide substrates, there were 
no indications that xanthine oxidase was bypassed in the formation of uric 
acid by the rat. 


* This study was aided by grants from the National Institute of Arthritis and Met- 
abolic Diseases of the National Institutes of Health, Public Health Service (PHS 
A-586), and the American Cancer Society upon recommendation of the Committee 
on Growth of the National Research Council. 
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524 PURINE CATABOLISM 


EXPERIMENTAL 
Methods 


Weanling or adult male albino rats were depleted of xanthine oxidase by 
feeding a purified casein diet (7) containing 72 mg. of NazWQ, per kilo 
for 2 weeks or longer. Control rats received the same diet except that it 
also contained 50 mg. of Na2MoQ,-2H.0 per kilo. 

Liver xanthine oxidase activity was measured manometrically in the 
presence of methylene blue (8) with xanthine or hypoxanthine as substrate. 
For oxidation measurements of the other substrates, the main body of the 
Warburg vessels contained 1.55 ml. of a 1:5.5 liver homogenate (whole or 
dialyzed for 18 hours against 10-4 m cysteine in 0.04 m phosphate buffer, 
pH 7.4), 0.15 ml. of 0.05 m DPN! or water, and 0.15 ml. of water or other 
agents as specified. ‘The side arm contained 0.15 ml. of 0.05 m substrate. 
In some experiments the DPN and substrate were both contained in the 
side arm and tipped in together. The center well contained 0.2 ml. of 10 
per cent KOH. After 40 minutes of incubation the contents of the side 
arm were mixed with those of the flask, and manometric readings were 
made every 20 minutes for 80 minutes. Aliquots were then deproteinized 
with a final concentration of 5 per cent trichloroacetic acid for measure- 
ments of uric acid (9, 10) and allantoin (11). Combined uric acid, such as 
the riboside, had to be hydrolyzed in order to obtain the Folin color; for 
this purpose HC] was added to aliquots of the trichloroacetic acid filtrate 
to give a concentration of 3.3 N, and the solutions were heated in a boiling 
water bath for 1 hour. 


Results 


The various substrates were oxidized by control liver homogenates from 
rats receiving both tungstate and molybdate in the diet at the following 
rates: xanthine,? 26; xanthosine, 48; hypoxanthine, 32; inosine, 48; IMP, 
48; guanine, 31; guanosine, 52; GMP, 41; adenosine, 42; and AMP, 42 
c.mm. of O2 per 20 minutes. With xanthine oxidase-deficient livers from 
tungstate-fed rats, the homogenates did not oxidize any of the substrates. 
The addition of purified milk xanthine oxidase (12) to these deficient liver 


1The following abbreviations are used: DPN, diphosphopyridine nucleotide; 
Mo, molybdenum; W, tungsten; IMP, inosine 5-phosphate; GMP, guanosine 5-phos- 
phate; AMP, adenosine 5-phosphate; pteridylaldehyde, 2-amino-4-hydroxy-6-pteri- 
dinecarboxaldehyde. 

2 The xanthine, hypoxanthine, and guanine were obtained from the Schwarz Labo- 
ratories, Inc., guanosine, adenosine, and GMP from the Pabst Laboratories, inosine 
and xanthosine from the California Foundation for Biochemical Research, IMP and 
DPN from the Sigma Chemical Company, AMP from the Nutritional Biochemicals 
Corporation, and pteridylaldehyde from the Lederle Laboratories Division, Ameri- 
can Cyanamid Company. 
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homogenates restored the oxidizing capacities to control levels. These 
results were essentially the same as those found with rats fed a protein- 
deficient diet (6) and showed that all of the substrates yielded hypoxan- 
thine or xanthine in the course of their degradation and that the oxygen 
consumed was due to the action of xanthine oxidase on these two substrates. 

Since DPN could participate in a possible alternative nucleotide or 
nucleoside oxidase system, suchas the inosinic acid dehydrogenase of rabbit 
bone marrow (5), and because of the instability of DPN in homogenates 
(13), the rat liver homogenates in another series of experiments were forti- 
fied with DPN. Endogenous substrates were first removed by dialysis. 
Methylene blue was also added as an additional electron carrier to oxygen. 
The results with control livers from rats fed W-Mo were essentially the 
same as those when DPN was omitted: xanthine, 33; xanthosine, 46; 
hypoxanthine, 41; inosine, 49; IMP, 49; guanine, 35; guanosine, 55; GMP, 
48; adenosine, 50; and AMP, 55 c.mm. of O2 per 20 minutes. Again, none 
of the substrates was perceptibly oxidized under these conditions by defi- 
cient livers from W-fed rats; no evidence could be obtained that xanthine 
oxidase was being bypassed through a direct oxidation of the nucleotides 
or nucleosides. 

Small amounts of xanthine oxidase were present in Mo-deficient rat 
tissues, but escaped detection by the manometric procedure. The presence 
of the enzyme was established by measuring the allantoin produced by the 
crude homogenates. Allantoin was determined after incubating the ho- 
mogenates with or without substrates as previously described. The follow- 
ing homogenates of deficient livers from W-fed rats were used: (a) whole 
homogenate with substrate tipped in at 40 minutes, (b) substrate and DPN 
tipped in together, (c) whole homogenate containing an amount of purified 
milk xanthine oxidase which assayed 44 c.mm. of O2 per 20 minutes with 
hypoxanthine, and (d) dialyzed homogenate. Both whole and dialyzed 
liver homogenates from control rats fed the W-Mo diet were also studied. 
By manometric assay the deficient livers showed no xanthine oxidase 
activity, while the control liver without dialysis had an activity of 15 c.mm. 
of O2 per 20 minutes, and another liver after dialysis had an activity of 24. 

As shown in Table I, the undialyzed and dialyzed deficient homogenates 
without added substrate contained 20 y and 4 vy of allantoin per vessel, 
respectively, before incubation (zero time blank). After incubating for 
120 minutes, each vessel contained 190 y. The addition of 38 y of 6- 
pteridylaldehyde, a xanthine oxidase inhibitor (14), allowed the formation 
of only 45 y of allantoin. More hypoxanthine and xanthine were formed 
in the homogenate (presumably from nucleic acids) during the incubation 
period than could be oxidized by the small amount of xanthine oxidase 
present because (1) added uric acid formed about 1000 y of allantoin, and 
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(2) the addition of milk xanthine oxidase increased the allantoin formation! 
to 536 y. Since this occurred in the blank Warburg vessel as well as in 

the one containing added substrate, no difference in oxygen consumption 
between the two flasks could be observed; hence, no xanthine oxidase — 
activity could be observed manometrically, and small amounts of xanthine is 


oxidase escaped detection by this procedure. a 
u 
TABLE I x 
Allantoin Formation in Rat Liver Homogenates s 
y allantoin formed per 283 mg. fresh liver per 120 min. : 
Deficient liver homogenate | 
, Whol ilk | 
Whole | “Pole + ranthine Dialyzed | Whole | Dialyzed 
None (zero time blank)...... 20 26 40 4 48 18 | 
190 159 536 190 404 371 | 
Pteridylaldehyde (38 y)...... 263 45 53 33 
120 137 1590 140 786 1100 
+ pteridylalde- [ 
570 45 53 56 
110 | 130 | 1690 | 1340 
170 148 1190 870 1090 
Xanthosine.................. 130 152 1540 1355 _ 
Adenosine................... 100 111 1190 603 1075 0 
Guanosine................... 170 163 1072 1490 d 
Uric acid riboside............ 850 ¢ 
1480 1366 1790 1072 1240 
1000 985 1520 1090 
* 0.15 ml. of 0.04 m xanthine, uric acid, or uric acid riboside and 0.15 ml. of 0.05 m f 
solutions of the other substrates were used. l 


] 
The small amount of xanthine oxidase present in the tissues of Mo-| | 
deficient rats was adequate for the production of the amount of uric acid} 
and allantoin normally excreted by the rat. The formation of 0.19 mg.| 3 
of allantoin in 2 hours by 0.28 gm. of liver was sufficient to account for | ! 
the excretion of 12 to 15 mg. of allantoin per 100 gm. rat per 24 hours. ( 
None of the substrates tested produced more allantoin than was formed 
from the deficient homogenate itself, unless xanthine oxidase was also 
added (Table I). Since HCl hydrolysis of the trichloroacetic acid filtrates 
produced no additional uric acid, and since uric acid riboside, prepared | | 
from beef blood (15), was converted by the homogenates to allantoin as 
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shown in Table I, there was no evidence for the formation of uric acid 
ribotide or riboside from the nucleotide or nucleoside substrates. 


DPN Catabolism by Rat Liver 


Enzymes which cleave DPN form adenylic acid (13, 16), and the latter 
is readily converted to hypoxanthine by a liver homogenate (6). The 
addition of DPN alone to a rat liver homogenate increased the oxygen 
uptake and allantoin production (Table I) more in those livers containing 
xanthine oxidase than in those deficient in this enzyme. To test the pos- 
sibility that a large portion of the increased oxygen consumption from 
added DPN was due to the oxidation of the derived hypoxanthine, DPN 
oxidation was measured manometrically in a Mo-deficient rat liver homoge- 
nate fortified with milk xanthine oxidase; 0.15 ml. of 0.05 m DPN was 
tipped in from the side arm. Table II shows the effect of xanthine oxidase 


TABLE II 


Effect of Milk Xanthine Oxidase on Oxidation of DPN 
in Mo-Deficient Rat Liver Homogenate 


C.mm. O: per hr. 
Dialyzed homogenate 40 
+ xanthine oxidase.................. 66 
+ ‘* -+ xanthine oxidase.......... 265 
+ hypoxanthine + xanthine oxidase. . 270 


on the oxygen uptake in the presence of added DPN. With xanthine oxi- 
dase present, the net oxygen consumption with DPN as substrate was 
close to that found with hypoxanthine; DPN was therefore converted to 
hypoxanthine by the liver homogenate as rapidly or more rapidly than the 
latter could be oxidized. (3.5 mg. or more of DPN were decomposed per 
hour by 283 mg. of fresh homogenized liver.) When 5 mg. of DPN were 
incubated with a dialyzed control rat liver homogenate for 140 minutes, 
1535 y of allantoin were formed, while a similar control flask without added 
DPN yielded 426 y (a net production of 1109 y of allantoin from the DPN; 
theoretical = 1185 7). The presence of 15 mg. of nicotinamide (6 X 10~? 
M solution as suggested by Zatman et al. (17)) reduced the net allantoin 
formed to 808 y; this confirmed some stabilizing effect of the nicotinamide 
on DPN in the crude liver homogenate. 


Pigeon Liver Homogenates 


Pigeon liver was tested for its ability to oxidize purine ribosides or ribo- 
tides because it does not contain any xanthine oxidase; any oxygen con- 
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me vjpetrate: 2 ml. volume; incubated at 38° in air for 60 minutes). When 
he Substrate was disodiurn phenyl phosphate, phenol liberation was meas- 
ay, ured by the method of King and Armstrong (18). Nucleotide phosphatase 
spa, tivity was measured by determining the increased inorganic phosphate 

jp) 8&5 per cent trichloroacetic acid filtrate of the homogenate after incuba- 
stip tion With nucleotides (19). The liver homogenates were dialyzed against 
». water for 18 hours and then buffered to pH 7.4 with 0.04 m tris(hydroxy- 
>,  methylaminomethane; MgSO, was added to give a 0.001 M concentration. 
we Under these conditions there was essentially no difference in the phos- 


Tasce III 


Kormation of Uric Acid from Various Substrates by Pigeon Liver 
Homogenates Fortified with Milk Xanthine Oxidase 


} + uric acid formed per 283 gm. fresh 
a liver per 100 min.* 
Substrate (0.05 m) 
Whole homogenate Dialyzed homogenate 
717 802 
bp * Total urie acid minus uric acid formed without added substrate. 
ree t Added as a suspension. 
vr phatase activities of rat and pigeon livers when phenyl phosphate was 
joy | Used as the substrate (whole rat liver homogenate, 17.7; dialyzed homoge- 
od | ttle, 28; whole pigeon liver, 28; and dialyzed, 16.7 umoles of phenol per 
hour per gm. of fresh liver). However, the rate of phosphate release from 
bs the nucleotides was appreciably lower in dialyzed pigeon liver than that in 
on | rat liver. The phosphate released (micromoles per hour per gm. of fresh 
oe | liver) by pigeon and rat livers, respectively, was as follows: from AMP, 
i 6.4 and 15.5; from GMP, 2.6 and 9.9; and from IMP, 2.8 and 9.9. 
ve These results are compatible with the interpretation that the oxygen 
vq) Which is consumed in the metabolism of nucleosides and nucleotides by 
‘“ pigeon liver homogenates is used in the metabolism of the ribose portion 
of the molecules. The nucleotides are more stable in pigeon liver homoge- 
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sumption from added nucleotides or nucleosides must be due to the oxida- 
tion of the combined purine or due to the metabolism of the ribose portion, 
In the absence of added DPN, the dialyzed homogenates of normal 


pigeon liver oxidized the nucleoside substrates only slightly (1 to 3 ¢.mm. - 
of O2 per 20 minutes) and did not oxidize the free purines or the nucleo- : 


tides. With 5 mg. of DPN added (with or without methylene blue), the 


nucleosides gave a net increase in the rate of oxygen consumption (guanosine — 


26, xanthosine 17, adenosine 18, and inosine 32 c.mm. of O2 per 20 minutes), 
but yielded a net total consumption of only 50 to 70 c.mm. of Oo. The 
rate of oxygen consumption with the nucleotide substrates was much less, 
even in the presence of 0.001 m MgSQO,. Free purines gave no measurable 
increase in oxygen uptake. 

If this amount of oxygen were used for oxidizing the purine component 
to uric acid, from 700 to 1000 y of uric acid should have been produced 
from guanosine and xanthosine or half this amount from adenosine and 
inosine. Actually the hydrolyzed trichloroacetic acid filtrates contained 
only small amounts of material which reduced the uric acid reagent; this 
was equivalent to no more than 25 y of uric acid, and this amount was 
found also in the blank homogenates without added substrate. When an 
equivalent amount of uric acid riboside was incubated with the homogenate, 
about half of it was split to free uric acid, and the remainder was released 
upon acid hydrolysis. Therefore the purine derivatives were not oxidized 
to uric acid riboside by pigeon liver homogenates. 

The increased oxygen consumption observed with the ribosides probably 
resulted from the release and metabolism of the ribose portion of the mole- 
cule. Free ribose was not oxidized, but the substitution of an equivalent 
amount of ribose 5-phosphate for the nucleosides produced a total net 
oxygen consumption of 72 c.mm. This implies the formation of a phos- 
phorylated ribose rather than a free ribose in the degradation of these 
purine ribosides by pigeon liver. The simultaneous formation of free 
purines was confirmed by the addition of purified milk xanthine oxidase 
to the pigeon liver homogenate and measurement of the amount of uric 
acid formed (Table III). In general, uric acid formation tended to parallel 
the oxygen consumption; this would be expected if the ribose were oxidized 
after being released from the purine. 

Much more uric acid was formed from the nucleosides than from the 
nucleotides; hence, there was a greater stability of the nucleotides in pigeon 
livers. Such was not the case with rat liver (Table 1). This difference 
was due to a lower 5’-nucleotide phosphatase activity in pigeon liver as 
compared with that in rat liver. The conditions for the phosphatase 
assays were the same as those used for the measurement of allantoin and 
uric acid formation (1.7 ml. of 1:6 homogenate, pH 7.4; 0.15 ml. of 0.05 
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substrate; 2 ml. volume; incubated at 38° in air for 60 minutes). When 
the substrate was disodium phenyl! phosphate, phenol liberation was meas- 
ured by the method of King and Armstrong (18). Nucleotide phosphatase 
activity was measured by determining the increased inorganic phosphate 
ina 5 per cent trichloroacetic acid filtrate of the homogenate after incuba- 
tion with nucleotides (19). The liver homogenates were dialyzed against 
water for 18 hours and then buffered to pH 7.4 with 0.04 m tris(hydroxy- 
methyl)aminomethane; MgSO, was added to give a 0.001 M concentration. 

Under these conditions there was essentially no difference in the phos- 


TABLE III 


Formation of Uric Acid from Various Substrates by Pigeon Liver 
Homogenates Fortified with Milk Xanthine Oxidase 


y uric acid formed per 283 gm. fresh 
liver per 100 min.* 
Substrate (0.05 m) 
Whole homogenate Dialyzed homogenate 


* Total uric acid minus uric acid formed without added substrate. 
t Added as a suspension. 


phatase activities of rat and pigeon livers when phenyl phosphate was 
used as the substrate (whole rat liver homogenate, 17.7; dialyzed homoge- 
nate, 23; whole pigeon liver, 23; and dialyzed, 16.7 umoles of phenol per 
hour per gm. of fresh liver). However, the rate of phosphate release from 
the nucleotides was appreciably lower in dialyzed pigeon liver than that in 
rat liver. The phosphate released (micromoles per hour per gm. of fresh 
liver) by pigeon and rat livers, respectively, was as follows: from AMP, 
6.4 and 15.5; from GMP, 2.6 and 9.9; and from IMP, 2.8 and 9.9. 

These results are compatible with the interpretation that the oxygen 
which is consumed in the metabolism of nucleosides and nucleotides by 
pigeon liver homogenates is used in the metabolism of the ribose portion 
of the molecules. The nucleotides are more stable in pigeon liver homoge- 
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nates than the nucleosides and are more stable in pigeon liver than in rat 


liver homogenates. The relatively poor 5’-nucleotide phosphatase activity 
in pigeon liver undoubtedly contributes to the usefulness of this tissue for | 


the study of nucleotide synthesis. | 


SUMMARY 
Homogenates of livers from rats depleted of Mo and xanthine oxidase 


by tungstate feeding did not show an increased oxygen uptake with free | 


purines or their nucleosides or nucleotides as substrates. The addition of 
diphosphopyridine nucleotide (DPN) and methylene blue did not restore 
any of these oxidizing capacities, but milk xanthine oxidase did. Small 
amounts of xanthine oxidase were present in such livers, but escaped de- 


tection by the manometric procedure because endogenous substrates were 


being oxidized maximally in the blank vessel, and additional substrate — 


could not increase this rate. The presence of xanthine oxidase was demon- 
strated by measuring allantoin formation from the various substrates, 
and enough xanthine oxidase was found to account for the formation of the 
uric acid and allantoin normally excreted bythe rat. No evidence could be 
obtained that uric acid was formed in rat liver by any mechanism other 
than xanthine oxidase. 

Normal pigeon liver is devoid of xanthine oxidase, but gave significant 
oxygen uptake with the purine nucleosides when DPN was also added. 
However, no uric acid was formed, and the increased oxygen consumption 
could be attributed to a metabolism of the ribose moiety. Nucleotides 
were more stable than nucleosides in pigeon than in rat liver homogenates; 
this difference was due to a lower 5’-nucleotide phosphatase activity in 
pigeon liver. 

Much of the additional oxygen uptake resulting from the addition of 
DPN to a rat liver homogenate could be attributed to the oxidation of its 
purine component. 
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ACETALDEHYDE OXIDATION IN MOLYBDENUM 
DEFICIENCY* 


By DAN A. RICHERT anv W. W. WESTERFELD. 


(From the Department of Biochemistry, State University of New York, 
Medical College at Syracuse, Syracuse, New York) 


(Received for publication, February 13, 1957) 


Xanthine oxidase (1) and liver aldehyde oxidase (2) are molybdenum- 
containing enzymes, and both are capable of oxidizing aldehydes. Another 
aldehyde-oxidizing enzyme utilizing diphosphopyridine nucleotide (DPN) 
as a cofactor has been partially purified from liver (3), and the oxidation of 
- acetaldehyde by crude liver extracts requires DPN (4). This study was 
designed to see whether the DPN enzyme was also Mo-dependent and 
which of these systems was primarily responsible for acetaldehyde oxida- 
tion in dialyzed liver homogenates. Rats were fed a diet containing tung- 
state in order to deplete the tissues of Mo-containing enzymes (5). The 
rate of acetaldehyde oxidation in liver homogenates was measured in the 
presence and absence of DPN. It was found that, while the capacity to 
oxidize acetaldehyde in the absence of DPN was virtually eliminated by 
the molybdenum deficiency, the oxidation of acetaldehyde in the presence 
of DPN was not affected. Feeding a protein-free diet caused the virtual 
elimination of all the aldehyde-oxidizing enzymes studied. 


EXPERIMENTAL 
Methods 


3 to 6 week-old weanling albina rats were fed the following diets for at 
least 2 weeks: (1) Purina dog chow, (2) a purified 24 per cent Labco casein 
diet (6), (3) the purified diet containing 72 mg. of Na2WO, per kilo, (4) the 
purified diet containing 72 mg. of NasWO, and 50 mg. of Na2MoO,4-2H2O 
per kilo, and (5) a protein-free diet (6). In previous studies the purified 
tungstate-containing diet removed most of the xanthine oxidase and molyb- 
denum from the liver (5). A protein-free diet also depleted the liver of 
xanthine oxidase and molybdenum (7) and produced some loss of a large 
variety of liver enzymes (8). In the present experiments, the xanthine 
oxidase level was used as an index of the effectiveness of the various diets 
in producing these changes. 

* This study was aided by a grant from the National Institute of Arthritis and 
Metabolic Diseases of the National Institutes of Health, Public Health Service 
(PHS A-586). 
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Concentrated liver homogenates (1:3) were dialyzed for 18 hours against 
water and then diluted with water and phosphate buffer, pH 7.4, to gives 
final 1:6 dilution of the liver in 0.04 m phosphate. Xanthine oxidase 


activities were measured manometrically in the presence of methylene | 
blue (9). Acetaldehyde oxidation was measured by the anaerobic meth. 


ylene blue decolorization time (10) as follows: 1 ml. of the dialyzed 1:6 


homogenate and sufficient 0.04 m phosphate buffer, pH 7.4, to give a final 


total volume of 2.5 ml. were measured into each of four Thunberg tubes: 
all side arms contained 0.1 ml. of 0.0113 m (1.13 wmoles) of methylene blue. 
The side arm of Tube 1 also contained 0.1 ml. (1 mg.) of DPN and 0.1 
ml. of 1 M acetaldehyde. Tube 2 contained DPN without aldehyde and 


served as a blank; the difference in decolorization time between Tubes |. 


and 2 was a measure of the combined activities of all the acetaldehyde- 
dehydrogenating enzymes (DPN-linked aldehyde dehydrogenase, aldehyde 


oxidase, and xanthine oxidase). The DPN was omitted from Tubes 3. 


and 4; acetaldehyde was added to the side arm of Tube 3, while Tube 4 
served asa blank. With this pair was measured the action of the aldehyde 
dehydrogenases which were independent of DPN (aldehyde oxidase and 
xanthine oxidase). 


All tubes were evacuated and flushed with nitrogen several times; after 


warming at 38° for 3 minutes, the contents were mixed, and the decoloriza- 


tion times were measured. The micromoles of methylene blue decolorized | 
per minute were calculated for each tube, and the amount specifically — 


decolorized by the DPN-linked enzyme was obtained by subtracting the 
values found in Tubes 2 and 3 from those in Tube 1. The decolorization 
time in Tube 4 was always greater than 60 minutes and was negligible. 
A linear relationship between the amount of normal dialyzed liver (0 to 1 
ml.) and the micromoles of methylene blue decolorized by acetaldehyde 
and DPN was found. The slope of this line, which passed through the 
origin, was equivalent to the reduction of 0.68 umole of methylene blue 
per minute by 1 ml. of the 1:6 homogenate. 


Results 


The DPN-linked aldehyde dehydrogenase was responsible for most of 
the activity of the dialyzed liver homogenate in the reduction of methylene 
blue (Table I). In normal livers the DPN-linked enzyme was responsible 
for the reduction of about 0.5 umole of methylene blue per minute, and this 
activity was not Mo-dependent; it remained relatively constant as the 
xanthine oxidase and other Mo enzymes were removed by tungstate feed- 
ing. The aldehyde enzymes not requiring DPN normally reduced about 
0.1 umole of methylene blue per minute. This latter activity was Mo- 
dependent, since it tended to parallel the xanthine oxidase and to disappear 
with it as a result of tungstate feeding. The protein-free diet removed 
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about 90 per cent of the DPN-linked and all of the Mo-dependent alde- 
inst! hyde-oxidizing systems from the liver preparation. In previous experi- 
yea ments (7) it was found that rats which were fed a protein-free diet metabo- 


lase 
ene TABLE I 
th. Aldehyde Dehydrogenase Activities in Control and Mo-Deficient Rat Livers 
Zz 
£ Tube . (Tube 
0.1 & y No. 1 — Tubes 2 
ind} +4) 
min. 
| Dogehow | 13] 1 | Aldehyde + 1.65| 0.68) 0.42 | 25 
DPN 
33 2 | DPN 6.91 | 0.16 
a 4 3 | Aldehyde 11.58 | 0.10 
‘de 4 > 60 
nd 2 | 24% puri- | 5| 1 | Aldehyde + 1.58 | 0.72) 0.53 11 
fied ca- DPN 
sein 2 | DPN 10.26 | 0.11 
rer 3 | Aldehyde 14.50 | 0.08 
a- 4 > 60 
ed 3 | Purifiedca- | 8} 1 | Aldehyde + 1.87 | 0.60) 0.56 0* 
ly sein + W DPN 
, 2 | DPN 32.20 | 0.04 
he 3 | Aldehyde >60 
on 4 >60 
le. 4 | Purifiedca- | 5| 1 | Aldehyde + 1.60 | 0.71; 0.44 13 
| sein + W DPN 
le + Mo 2 | DPN 6.06 | 0.19 
3 | Aldehyde 13.80 | 0.08 
ae 4 >60 
le 5 | Protein- 12| 1 | Aldehyde + 16.0 | 0.07; 0.05 4 
free DPN 
2 | DPN 45.0 | 0.02 
3 | Aldehyde >60 
of 4 >60 
le * The livers with zero xanthine oxidase activity, measured manometrically, con- 


le tained a small amount of the enzyme when it was measured by its ability to form 
is allantoin (11). 


- | lized administered acetaldehyde at a somewhat slower rate than normal; 
t | but, like other such comparisons of uric acid formation (5) or the reduction 
- | of organic nitro groups (12), the effect in vivo was much less impressive than 
r | that in vitro. 
1 
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The rate of reduction of methylene blue when only DPN was added to 
the dialyzed homogenate was markedly decreased when the livers were 
obtained from rats fed tungstate or a protein-free diet (Experiments 3 and 
5, Table I). It is believed that, under the experimental conditions used, 


this reduction of methylene blue by the addition of only DPN resulted | 


from the action of xanthine oxidase on the hypoxanthine produced by the 


breakdown of DPN (11). The reasons for this belief are as follows: (a) 


such a breakdown has been indicated (11), (b) the dialyzed homogenates 
should be relatively free of endogenous substrates which could act as elec- 
tron donors to DPN and methylene blue, (c) the dye reduction was slow 
in those livers which were very low in xanthine oxidase, and (d) the rate of 
reduction of cytochrome c by DPNH with an ultracentrifuged supernatant 
fraction of the dialyzed homogenate was not affected by the molybdenum 
deficiency induced by tungstate feeding. 


SUMMARY 


The diphosphopyridine nucleotide-linked acetaldehyde-oxidizing enzyme 
of rat liver was found to be independent of dietary molybdenum. The 
aldehyde-oxidizing activity of a dialyzed liver homogenate without added 
diphosphopyridine nucleotide constituted only 15 to 20 per cent of the 


total activity and was Mo-dependent. Feeding a protein-free diet caused - 


the elimination of 90 per cent of the former and all of the latter activities. 
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THE PENTOSE CYCLE AS A PATHWAY FOR GLUCOSE 
METABOLISM IN INTACT LACTATING 
DAIRY COWS* 
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GEORG B. BRUBACHER,f anp JIRO J. KANEKO} 


(From the School of Veterinary Medicine and the College of Agriculture, 
University of California, Davis, California) 


(Received for publication, December 21, 1956) 


The classical scheme of Embden-Meyerhof has been generally accepted 
as describing the pathway for glucose metabolism in animals, although 
recent observations have challenged this tenet. A number of in vitro stud- 
ies based on the differential conversion of specifically labeled glucose to 
CO, have indicated the existence of a pathway in addition to the Embden- 
Meyerhof pathway for glucose metabolism in several animal tissues. Evi- 
dence for an alternate pathway has been obtained with rat liver (1-7) and 
mammary gland (8, 9), mouse liver (6), and rabbit spleen, testis, and bone 
marrow (10). Estimates made by various investigators have indicated 
that in liver slices almost 0 to as much as 50 per cent! of the glucose may 
be metabolized by an alternate pathway (3, 4, 6, 7). In rat mammary 
gland slices, it was estimated that approximately 60 per cent of the glucose 
was metabolized along an alternate pathway (8). 

In vitro studies with rat muscle (1, 2) and with rabbit brain (10) have 
indicated that the Embden-Meyerhof pathway accounts for essentially all 
of the glucose metabolized in these tissues. A similar conclusion has been 
reached in studies with intact rats (1, 12, 13). The discrepancy between 
results obtained with the intact rat and rat tissues either indicated an 
artifact under in vitro conditions or showed that in the intact animal little 
glucose is metabolized in those tissues which have an alternate pathway 
for glucose metabolism (1). 

Recently Bloom et al. (14) detected the pentose cycle in intact non-lac- 
tating rats, based on labeling patterns in glucose after administering spe- 
cifically labeled ribose and glucose; however, they made no estimate of 
the quantitative significance of the pathway. 


* This investigation was supported in part by grants from the United States 
Atomic Energy Commission and the National Science Foundation. 

7 Present address, Hoffmann-La Roche and Company, Basel, Switzerland. 

t Postdoctoral Fellow of the Public Health Service. 

1 See the review by Wood (11) in which he discusses the calculations made by vari- 
ous investigators and the uncertainties in their assumptions which account, in part, 
for the variation between results. 
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Earlier studies with the intact cow demonstrated that glucose was rap- 
idly metabolized, and within 35 hours essentially all of an injected dose 
appeared in the respiratory CO, (40 per cent) and milk constituents (56 
per cent) (15). The nature of the pathways involved in glucose catabolism 
was not apparent in these studies since the injected material was uniformly 
labeled. 

The present paper reports the results of trials in which two lactating 
cows were injected intravenously with glucose-6-C" and then, after several 
weeks, with glucose-1-C'4. The transfer of C™ from glucose to COs, to 
glycerol of milk fat, and to alanine and serine of casein could not be ex- 
plained by exclusive operation of the Embden-Meyerhof pathway. Esti- 
mates based on C'4 recovery in CO: and various milk constituents, in each 
case, indicated that the pentose cycle or a similar pathway played a sig- 
nificant role in glucose catabolism of the intact lactating cow. 


TABLE I 


Data on Experiments with Cows Injected Intravenously 
with Glucose-1-C'* and Glucose-6-C'4 


Trial No. Cow No. | Body, Compound injected Milk yield | ptage of 
kg. mc. kg. per day wks. 
III 965 594 G-6-C 2.02 10 22 
IV 965 611 G-1-C'* 1.80 9 27 
V 84 423 G-6-C™ 1.96 12 7 
VI 84 425 G-1-C'4 1.78 10 10 
EXPERIMENTAL 


Cows—Table I summarizes the characteristics of the two lactating Jersey 
cows used in these studies. Each cow served as its own control by being 
injected first with glucose-6-C' (G-6-C"™) and, after 5 weeks (Cow 965) or 
3 weeks (Cow 84), with G-1-C™. In all trials 75 to 98 per cent of the C" 
was accounted for in the respired COz and milk constituents during the 
first 34 hours of the trial. Within a few days after G-6-C"™ was injected, 
the C™ level in milk was too low to be detected by our counting equipment 
and it can be assumed that the amount of C'* remaining in the cows at 
the time of the second experiments, with G-1-C", was negligible. 

Isotope—The C'*-labeled p-glucose was obtained from the National Bu- 
reau of Standards.?, The sugars were radiochemically pure, as shown by 
autoradiograms of samples chromatographed with butanol-acetic acid- 


2 The authors wish to express their appreciation to Dr. H. S. Isbell, National 
Bureau of Standards, for his valuable cooperation in preparing millicurie quantities 
of G-1-C™ and G-6-C" for use in these studies. 
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H,O (4:4:1) and phenol-H.O (10:4). The amount of C'‘-glucose injected 
into each cow is shown in Table I. 

Samples—Respired CO, was collected continuously during the first 3 
hours of each trial and then at intervals until 34 hours. The methods 
used for the collection and C'™ assay of CO2 have been described (16). 
Milk was collected periodically during the first 34 hours after isotope in- 
jection and was fractionated into its major organic constituents. Casein 
was precipitated from the skim milk by adjusting the pH to 4.6 with 1 N 
HCl. The casein was filtered, washed with water, and then redissolved 
in 1 N NH,OH. This procedure was repeated and the casein, after the 
third precipitation, was washed thoroughly with water, followed by alcohol 
and ether. 5 gm. of dried casein were hydrolyzed, and the alanine, serine, 
and glutamic acid were recovered separately from ion exchange columns 
and prepared in crystalline form by methods already described (17). 

Glycerol was recovered from the aqueous phase that separated upon 
acidifying milk fat hydrolysates. It was purified by preparing the tri- 
benzoate derivative according to the method described by Mulliken (18). 

Other methods used in this investigation have already been described, 
including those for combustion of samples and radioassay of the resulting 
CO: (17). Sakami’s method was used for the stepwise degradation of 
serine (19). 


Results 


Fig. 1 shows the specific activity in the expired CO: as a function of 
time after injecting cows intravenously with G-1-C'*, G-6-C', and uni- 
formly labeled glucose (G-U-C™). After each trial with G-6-C™, the spe- 
cific activity of expired CO, increased much more slowly and its maximum 
was only one-half that of the trials in which G-1-C' was injected; further- 
more, the maximum for G-6-C"™ occurred later (1 to 1.5 hours) than that 
for G-1-C™ (0.5 to 0.8 hours). These results demonstrate that C-1 of 
glucose was oxidized more rapidly than C-6 and indicate that these 2 car- 
bon atoms, in part, followed different metabolic pathways. 

The results obtained with G-U-C"™ have been included for comparison 
(15). In general the rate of appearance of C' in CO, for G-U-C™ was 
intermediate between the results obtained with G-1-C™ and G-6-C™. 

The specific activities of serine and alanine from casein and of glycerol 
from milk fat are listed in Table II for different times after injection of 
G-1-C" and G-6-C™“. For each compound the specific activity was greater, 
in some samples by as much as two times, after G-6-C'* than it was after 
G-1-C", Thus, the data from milk products, like those of expired COz, 
indicate that C-1 and C-6 of glucose do not follow a common metabolic 
pathway and that there is some mechanism in addition to the Embden- 
Meyerhof pathway for glucose metabolism in the cow. 
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The mean specific activity in alanine (during 34 hours) was 50 per cent} 
greater after G-6-C" than it was after G-1-C" for both cows (see Table V). 
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Fig. 1. Standardized activity of respired CO, from cows injected with glucose-C", 
The lines have been sketched in to show the trend of the experimentally determined 
values which are represented by the characters on Fig. 1: O, glucose-1-C™ (Trial © 
IV); @, glucose-1-C™ (Trial VI); A, glucose-U-C" (Trial I); A, glucose-U-C" 


(Trial II); X, glucose-6-C™ (Trial III); glucose-6-C"™ (Trial V). 


TaBLeE II 
Specific Activities of Milk Constituents* after Injecting G-1-C'* and G-6-C"4 
Glycerol Serine Alanine 
After 5 
injection Ast dat Ratio, Ast Ratio, 
G-1-C4 | G-6-C¥ G-1-C“ | G-1-C4 | 
hrs. 
3.3 5.0 12.8 2.6 7.7 19.3 2.5 11.0 19.1 1.7 
9.3 10.9 26.4 2.4 3.6 7.3 2.0 6.0 8.4 1.4 
23.5 3.9 8.6 2.2 0.6 1.6 2.7 1.2 1.6 1.3 
34 1.3 3.8 2.9 0.5 0.6 1.2 0.6 1.1 1.8 


* The data in Table II are from Trials III and IV. 


weight. 


t As = microcuries per gm. atom of C per microcurie injected per kilo of body © 


In contrast to these results, the Embden-Meyerhof pathway would lead — 
to the same specific activity in alanine (derived from pyruvate) for both © 
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types of labeled glucose unless the trioses formed at the aldolase stage had 
different metabolic fates. For example, if the equilibration between phos- 
phoglyceraldehyde and phosphodihydroxyacetone had been slow and the 
latter (representing C-1,2,3 of glucose) had been preferentially diverted 
into the pathway of glycerol synthesis, the observed labeling of alanine 
might be expected. However, such an explanation would not account 
for the greater recovery of C'* in expired CO, after G-1-C'. Furthermore, 
this interpretation of the results obtained with alanine would lead one to 
expect the C™ levels in glycerol to be higher from G-1-C™ than from G-6- 
C' when, to the contrary, these levels were, in fact, 2 to 3 times as great 
after G-6-C" as they were after G-1-C"™ (see Table II). 

Utilization of Glucose for Biosynthesis—The observed results with expired 
CO, and milk products can be explained by the combined operation of 
the Embden-Meyerhof pathway and an alternate pathway which, for 
purposes of calculation, we have assumed to be the pentose cycle. Our 
reasons for deciding that the pentose cycle functions as the alternate path- 
way are discussed later. ‘To assess the relative importance of the pentose 
cycle we have assumed that it functions together with the Embden-Meyer- 
hof pathway to provide the major mechanisms for glucose catabolism in 
the cow. In addition, we assume that pyruvate is formed at equal rates 
from C-1 and C-6 of glucose along the Embden-Meyerhof pathway but 
arises only from C-6 of glucose along the pentose cycle since C-1 is lost as 
COz (Fig. 2). Alanine indicates the C™ level in pyruvate, since it can be 
formed from the latter by transamination. The amount of C"™ in alanine 
would be the same after G-1-C™ and G-6-C"™ (per unit C injected and 
per liter of milk produced) if the Embden-Meyerhof pathway operated 
exclusively. Concurrent glucose metabolism in the pentose cycle would 
result in greater transfer of C'4 to alanine after G-6-C™, and the difference 
between results obtained with the two types of labeled glucose would be 
directly proportional to the quantity of glucose metabolized via the pentose 
cycle. 

Under these conditions our estimate for the quantitative significance 
of the pentose cycle was derived® for the data obtained with alanine (these 
data are listed in Table III) as shown below: in Trials III and IV, 100 x 
(0.0321 — 0.0178) /0.0321 = 44.5 per cent via pentose cycle; in Trials V and 
VI, 100 X (0.0365 — 0.0231)/0.0365 = 36.7 per cent via pentose cycle. 

The results from the two cows are in close agreement and indicate that 
at the site of alanine synthesis about 40 per cent of the glucose molecules 
had been converted to pyruvate via the pentose cycle. If considerably 
more glycerol were formed from the C-1,2,3 moiety of glucose than from 


* This is essentially the method applied by Abraham ef al. to estimate pentose 
cycle activity during fatty acid synthesis in mammary gland (8). 
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the C-4,5,6 moiety along the Embden-Meyerhof pathway (the data in 


Table II suggest that it was not), then our calculated values for the pentose | 


cycle would be too high. On the other hand, if pentose arising in the 
pentose cycle was utilized for nucleotide synthesis, it would have an oppo- 


*¢ | * designates C-! 
4 designates C-6 
C C 
ac ac 
Glucose Pentoses 
Glycerol | (E-M) = 
Serine <—— |} 
\ 
COOH COOH gg 
cO + CO 0 
*CH, ACH; OCHs 
Pyruvate Pyruvate 
(EM) (Pentose cycle) ' 
Alanine Tricarboxylic | *CO, 
Acid + 
Cycle 
Acid 


Fic. 2. Hypothetical scheme of glucose metabolism along the Embden-Meyerhof 
(E-M) pathway and the pentose cycle. Two trioses arise via the E-M pathway, and 
it is assumed that these are converted to pyruvate in approximately equal quantities. 
In the pentose cycle, C-1 of glucose is oxidized to COz and a triose is formed from 
C-4, 5,6. This triose may mix with E-M intermediates at the phosphoglyceralde- 
hyde or pyruvate level but, in either case, will result in the transfer of C4 to py- 
ruvate only from C-6 but not C-1 of glucose. Pyruvate may give rise to alanine via 
transamination or may enter the TCA cycle, where it may be oxidized to CO; or 
converted into other compounds such as glutamic acid. 


site influence and make our estimated values for the pentose cycle too low. 
Since we have no information on the relative magnitude of glycerol or 
nucleotide (pentose) synthesis from glucose, it is not possible to judge their 
influence on our calculated values. 

Using the same method described above for alanine, we have estimated 
the quantitative importance of the pentose cycle based on the amounts of 
C"™ recovered in serine and glycerol (Table III). The results of these cal- 


of 
| 
of 
of 
CO 
A 


BLACK, KLEIBER, BUTTERWORTH, BRUBACHER, KANEKO 543 


n 

" culations are summarized in Table IV and indicate that 50 to 65 per cent 
. of the glucose molecules were metabolized along the pentose cycle at the 
i sites of synthesis of glycerol and serine. 


| Glucose Oxidation—The C" levels in respired CO: provide an additional 


Taste III 


Recovery of C'* in CO, and Milk Constituents during 
34 Hours after Injection of Glucose-C"4 


| Per cent injected C™ converted to 
Trial No. Position of C™ Milk constituents* 
CO2 
Alanine Serine Glycerol 
1072 x 1072 x 10-2 
III G-6-C!4 33 3.21 5.68 37.5 
IV G-1-C'* 54 1.78 1.98 14.6 
V G-6-C'4 15 3.65 6.31 36.9 
VI G-1-C'4 49.7 2.31 2.74 18.2 


* The per cent of injected C'* converted to milk constituents is expressed per liter 
of milk produced during the 34 hour period. This expression minimizes the influence 
of variations in milk production on the relative amounts of C'* transferred to milk 
constituents from G-1-C** and G-6-C"'. 


TABLE IV 
Quantitative Estimate of Glucose Metabolized via Pentose Cycle 
Data from 
Calculation based on C™ recovered per liter of milk in 
Trials III and IV Trials V and VI 
per cent per cent 


* The method for estimating the quantitative importance of the pentose cycle is 
discussed in the text. ; 


basis for estimating the quantitative importance of the pentose cycle. It 
is generaliy accepted that carbon from glucose is converted to pyruvate 
before oxidation in the tricarboxylic acid (TCA) cycle. Thus, it seems 
probable that the amount of COs, arising from G-1-C' or G-6-C" in the 
TCA cycle would be proportional to the mean specific activity of the pyru- 
vate pool. If the alanine synthesized by the cow was derived from the 
same pyruvate pool that furnishes carbon to the TCA cycle, then the spe- 
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cific activity of alanine would also be proportional to the amount of CO, 
arising from G-1-C" in the TCA cycle. 

As shown in Fig. 2, CO2 would arise from C-6 of glucose only in the TCA 
cycle but could arise from C-1 of glucose during metabolism in either the 
pentose cycle or the TCA cycle. By using these conditions, the data from 
Trials III and IV provide the following indication of the importance of the 
pentose cycle. In Trial III, after G-6-C"™ was injected, the mean specific 
activity of alanine was 4.18 during the time that 33 per cent of the injected 
C'* was oxidized to CO». When the same cow was injected with G-1-C" 
(Trial IV), 54 per cent of the C' was oxidized to CO, but the mean specific 
activity of alanine during this same period was only 2.84. From these 
data it may be estimated that 2.84/4.18 K 33 = 22.4 per cent of the C™ 
injected as G-1-C' was oxidized to COz by way of the TCA cycle in Trial 
IV.* Since 54 per cent of the C'* was recovered in COs, it appears that 
(54 — 22.4)/54 = 59 per cent of the C“O, from G-1-C" arose via the pen- 


tose cycle. The same calculations based on the data collected in Trials | 


V and VI indicated that 80 per cent of C-1 of glucose was converted to 
CO: via the pentose cycle. 


Previous studies have demonstrated that, in the cow, glutamic acid of | 
casein is derived from a-ketoglutarate in the TCA cycle (20). Thus the | 


C4 Jevel in C-1 of glutamic acid (Table V) should correspond closely to the 
C" level of COz arising inthe TCAcycle. From these data one can make 
an independent estimate of the relative importance of the pentose cycle 


in the oxidation of C-1 of glucose to CO». The method used for these © 
calculations was the same as those discussed above for alanine, and the | 


results are summarized in Table V. The estimates calculated from the 
specific activities of glutamic acid C-1 are in close agreement with those 
based on alanine and indicate that 56 to 75 per cent of the CO, from glu- 
cose C-1 was formed via the pentose cycle. 

These values, which express the amount of CO2 from C-1 of glucose 
formed via the pentose cycle, do not directly indicate the relative amount 
of glucose metabolized along this pathway, since the calculations neglected 
the amount of C' utilized for biosynthesis along the Embden-Meyerhof 
and TCA cycle pathways. In the pentose cycle, C' from G-1-C" is con- 


4 For these calculations we assume that the relationship between alanine and the 
pyruvate pool and between the TCA cycle and the pyruvate pool is the same in Trials 
III and IV. In other words, a given specific activity in the pyruvate pool (X) will 
result in the appearance of alanine in casein with a specific activity A(X) where A is 
the dilution factor. A will be approximately constant for a given cow on a given ra- 
tion. When the calculations are based on results collected over a 34 hour period, 
variations in A, due to fluctuations in food intake, tend to average out. The same 
cow was used in Trial III and Trial IV and its ration was the same during both trials. 
The same conditions apply for Trials V and VI. 
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verted only to COz, whereas in the Embden-Meyerhof, TCA cycle pathway 
this C' is converted to amino acids, fatty acids, glycerol, etc.,5 as well as 
to CO». The amount of C™ entering these non-lactose milk constituents 
would be approximately equal to the total C'* injected as G-1-C' minus 
the C™ in lactose and respired COs. In Trial IV, 54 per cent of the in- 
jected C4 was in COz and 40.7 per cent in lactose; thus, 5.3 per cent can 
be assumed to have entered glycerol, fatty acids, amino acids, etc. In 
Trial VI the corresponding values were 49.7 per cent to COz and 41.4 per 


TABLE V 
CO. from Glucose C-1 Arising via Pentose Cycle 


The calculations summarized in Table V were based on the mean specific activities 
(\,) of alanine and the C-1 of glutamic acid during the 34 hour experimental period. 


Alanine Glutamic acid C-1 
Trial No. 
=» Glucose C-1 to COz > Glucose C-1 to COs 
As via pentose cycle As via pentose cycle 
per cent per cent 
III 4.18 1.78 
59 56 
IV 2.84 1.28 
V 3.74 1.05 
80 75 
VI 2.48 0.865 


Boe where is the specific activity in microcuries per gm. atom of 
C per microcurie injected per kilo of body weight. The specific activity of the milk 
constituent from each milk sample was multiplied by the time period of milk forma- 
tion, and the resulting products summated for the 34 hour experimental period. 


cent to lactose, leaving 8.9 per cent to go into compounds other than lac- 
tose. 

In Trial IV we estimated that 41 per cent (38 to 44 per cent, Table V) 
of the CO from glucose C-1 arose in the Embden-Meyerhof, TCA cycle 
pathway which would be equivalent to 22 per cent (0.41 X 54 per cent) 
of the injected C'*. An additional 5.3 per cent of the C'* went into com- 
pounds synthesized from the Embden-Meyerhof pathway and TCA cycle 
intermediates. Thus it appears that 27.3 per cent (22 + 5.3 per cent) of 
the injected glucose followed the Embden-Meyerhof pathway, whereas 32 


5 It is assumed that most of the glucose incorporated into lactose was utilized with- 
out passing along either the Embden-Meyerhof pathway or the pentose cycle. Deg- 
radation of glucose from lactose shows that 95 per cent of the C'* was present in C-1 
or C-6 when G-1-C"* or G-6-C™, respectively, was injected (Butterworth, E. M., 
unpublished data). 
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per cent was metabolized in the pentose cycle. Of the glucose catabolized 
by the two pathways, 32/59.3 = 54 per cent followed the pentose cycle. 


The same methods applied to the data from Trial VI indicated that 65.7 | 


per cent of the glucose catabolized entered the pentose cycle. 

These values, based on CO:z production from G-1-C", indicate that 54 
to 66 per cent of the glucose catabolized entered the pentose cycle. They 
are in close agreement with the results based on C*™ levels in milk constit- 
uents, which indicated that 40 to 65 per cent of the glucose catabolized had 
passed via the pentose cycle. 

C' Distribution in Serine—The distribution of C' in the serine synthe- 
sized after injection of G-1-C' and G-6-C™ is shown in Table VI. The 


TaBLeE VI 


C'4 Distribution in Serine Recovered from Casein at 
Intervals after Injection of G-1-C'* and G-6-C"4 


distribution 
Trial No. Compound injected [Time of sample 
C-1 C-2 C-3 
hrs. per cent per cent per cent 

IV G-1-C"™“ - 3 9 13 78 
VI - 3 8 12 80 
VI “s 10 14 15 71 
IV - 34 20 24 56 
III G-6-C"' 3 3 13 84 
V 25 3 3 11 86 
V - 10 4 9 87 
III - 24 7 13 80 
V ” 34 10 15 75 


C'* was located predominantly in C-3 of serine after injection of either 
type of labeled glucose. This labeling pattern excludes the Entner-Dou- 
doroff scheme (21) and any similar mechanism from consideration as the 


alternate pathway in the cow. The Entner-Doudoroff pathway results in | 


the conversion of C-1 of glucose to the carboxyl of pyruvate which would 
lead to greater labeling in C-1 of serine. The low C" level in C-1 of serine 
also shows that COz fixation was of minor importance in C" transfer to 


serine and thus can be neglected without introducing serious errors in our | 


estimation of pathways for glucose metabolism. 


DISCUSSION 


Isotope studies in intact animals seldom delineate pathways of metabo- 
lism but more often serve as a basis for deciding between various possibil- | 


ities. In the present study with G-1-C™ and G-6-C", the results are 


| 
t 
s 
| g 
g 
a 
—f— d 
gl 
re 
as 
ke 
a 
t 
id 
ol 
| 
in 
al 
se 
me 
St 
ne 
th 


BLACK, KLEIBER, BUTTERWORTH, BRUBACHER, KANEKO 547 


clearly inconsistent with exclusive operation of the Embden-Meyerhof 
pathway, although it is quite probable that this pathway accounts for a 
considerable part of the glucose catabolism in the cow. All of our results 
could be explained by postulating a combined operation of the Embden- 
Meyerhof pathway and pentose cycle in glucose catabolism in the cow. 

Among the various alternate pathways proposed for glucose catabolism, 
the pentose cycle is the only one for which there is a substantial body of 
supporting evidence in animal tissues. ‘Two enzymes of the pentose cycle, 
glucose-6-phosphate dehydrogenase and 6-phosphogluconate dehydro- 
genase, are widely distributed in animal tissues and are found in high 
concentration in rat mammary gland (22). The levels of these dehydro- 
genases in rat mammary gland were found to increase 20- to 60-fold during 
lactation (23), which suggests a relationship between the pentose cycle 
and milk formation. ‘These dehydrogenases have also been measured in 
sheep mammary tissue but apparently undergo smaller increases in activity 
during lactation than in rat mammary gland (9). 

The disappearance of ribose 5-phosphate has been measured in several 
animal tissues 7m vitro and was found to be greatest in lactating mammary 
gland, especially during later stages of lactation (22). This measurement 
reflects, in part, pentose breakdown and indicates the presence of enzymes 
associated with the pentose cycle. Peeters et al. (24) have detected a 
ketoheptose in colostrum and in mammary gland tissue from cows, which, 
according to chromatographic methods, appears to be sedoheptulose. For 
these reasons it appears most probable that a pathway similar to, if not 
identical with, the pentose cycle is responsible for part of the glucose metab- 
olism in the cow. 

The serine, alanine, and glycerol recovered from milk were probably 
synthesized to a large extent in liver and mammary gland, and the values 
calculated from their mean specific activities represent principally the 
influence of the pentose cycle on glucose metabolism in these organs. How- 
ever, the quantitative significance of the pentose cycle estimated from 
alanine (40 per cent) was somewhat smaller than the estimate based on 
serine or glycerol (50 to 65 per cent). 

One explanation for the lower result obtained in the case of alanine 
would be that alanine reflects a more general picture of glucose metabolism 
in the cow as a whole, whereas serine and glycerol reflect more closely 
metabolic pathways of a special organ such as mammary gland and liver. 
Studies in vitro indicate that, in muscle, glucose is metabolized predomi- 
nantly, if not exclusively, by the Embden-Meyerhof pathway (2, 25). It 
seems probable that a part of the lactate produced in muscle mixes with 
lactate and pyruvate in liver (and mammary gland) and thereby modifies 
the specific activity of the pyruvate (and, in turn, alanine) produced in 
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those organs after injection of specifically labeled glucose. Under these 


conditions, the specific activity of alanine would be influenced by the path- © 
way of glucose catabolism, not only in liver and mammary gland but in | 


muscle as well. 

Phosphodihydroxyacetone, the precursor of glycerol (26), and phos- 
phoglyceric acid, the probable precursor of serine (27), arise at a higher 
level in the Embden-Meyerhof pathway than pyruvate and would not be 
expected to mix so largely with metabolites from other tissues, especially 
those from muscle.6 Under these conditions, the calculations based on 
the specific activities of glycerol and serine would represent more closely 
(than those based on alanine) the influence of the pentose cycle on glucose 
metabolism in liver and mammary gland. These values indicated that 
50 to 65 per cent of the glucose had been metabolized via the pentose cycle. 
It is interesting that these values are in the same range as that derived by 
Abraham et al. (8) from in vitro studies with rat mammary gland, in which 
it was estimated that 60 per cent of the glucose had been metabolized by 
the pentose cycle. 

Differences in the metabolic behavior of different parts of the body may 
decrease the validity of our assumptions used in making these calculations. 


For example, when the COz produced from glucose metabolized along the — 


Embden-Meyerhof pathway does not arise in the same TCA cycle as the © 


a-ketoglutarate from which glutamic acid of casein is formed, then our 
estimate for the per cent CQO. from glucose-1-C" arising in the TCA cycle 
or pentose cycle may be in error. This problem arising from the inhomo- 
geneity of the system is not necessarily avoided at the tissue slice or even 
single cell level, since the discrete distribution of enzymes within the cell 
may lead to metabolic pools that equilibrate with their surroundings at 
different rates. 

The agreement between results calculated from five different sets of data 
and the agreement between results for the two cows lend strength to the 
conclusion that the pentose cycle plays a major role in the glucose catabo- 
lism of the lactating cow. It appears that at least 40 per cent of the glu- 


cose catabolism occurs via the pentose cycle, but in specific organs such as | 
liver or mammary gland 60 per cent or more of the glucose may be catabo- | 


lized via the pentose cycle. 


SUMMARY 


Glucose catabolism was studied with intact lactating dairy cows injected 
intravenously with glucose-1-C' and glucose-6-C™. The recovery of C™ 


6 It is recognized that there may be some mixing between these compounds and 
pyruvate in liver and mammary gland during reverse glycolysis, but this would prob- 
ably have a relatively smaller influence on the specific activities of serine and glyc- 
erol compared with the effect on alanine. 
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was greater in the expired CO: after glucose-1-C' but was smaller in ala- 
nine, and serine from casein, and glycerol from milk fat, than the corre- 
sponding results after glucose-6-C™. These results are inconsistent with 
the exclusive operation of the Embden-Meyerhof pathway and suggest an 
additional pathway of glucose metabolism through the pentose cycle. 

The C" levels in alanine, serine, and glycerol were used to estimate the 
quantitative importance of the pentose cycle in glucose catabolism. In 
each case the results indicated that one-half to two-thirds of the glucose 
molecules catabolized had entered the pentose cycle. Calculations based 
on C™ levels in respired CO, gave similar results. From these studies, 
involving assumptions, the limitations of which have been discussed in 
the text, we conclude that a non-Embden-Meyerhof pathway, which is 
probably the pentose cycle, has a major role in glucose metabolism in the 
lactating; cow. 


The authors wish to acknowledge the important technical assistance of 
Barbara 8. Hazelwood, Arthur D. Bond, and R. A. Nelson during this 
investigation. 


BIBLIOGRAPHY 


. Bloom, B., Stetten, M. R., and Stetten, D., Jr., J. Biol. Chem., 204, 681 (1953). 

. Agranoff, B. W., Brady, R. O., and Colodzin, M., J. Biol. Chem., 211, 773 (1954). 

Bloom, B., and Stetten, D., Jr., J. Biol. Chem., 212, 555 (1955). 

Katz, J., Abraham, 8., Hill, R., and Chaikoff, I. L., J. Biol. Chem., 214, 853 (1955). 

Bloom, B., J. Biol. Chem., 215, 467 (1955). 

. Wenner, C. E., and Weinhouse, 8., J. Biol. Chem., 219, 691 (1956). 

. Ashmore, J., Kinoshita, J. H., Nesbett, F. B., and Hastings, A. B., J. Biol. Chem., 

220, 619 (1956). 
8. Abraham, 8., Hirsch, P. F., and Chaikoff, I. L., J. Biol. Chem., 211, 31 (1954). 

9. Glock, G. E., McLean, P., and Whitehead, J. K., Biochim. et biophys. acta, 19, 
546 (1956). 

10. Bloom, B., Proc. Soc. Exp. Biol. and Med., 88, 317 (1955). 

ll. Wood, H. G., Physiol. Rev., 35, 841 (1955). 

12. Arnstein, H. R. V., and Keglevié, D., Biochem. J., 62, 199 (1956). 

13. Bernstein, I. A., Lentz, K., Malm, M., Schambye, P., and Wood, H. G., J. Biol. 
Chem., 215, 137 (1955). 

14. Bloom, B., Eisenberg, F., Jr., and Stetten, D., Jr., J. Biol. Chem., 222, 301 (1956). 

15. Kleiber, M., Black, A. L., Brown, M. A., Baxter, C. F., Luick, J. R., and Stadt- 
man, F. H., Biochim. et biophys. acta, 17, 252 (1955). 

16. Kleiber, M., and Edick, M., J. Animal Sc., 11, 61 (1952). 

17. Black, A. L., Kleiber, M., and Baxter, C. F., Biochim. et biophys. acta, 17, 346 
(1955). 

18. Mulliken, S. P., A method for the identification of pure organic compounds, New 
York, 1, 169 (1904). 

19. Sakami, W., J. Biol. Chem., 187, 369 (1950). 

20. Black, A. L., and Kleiber, M., Biochim. et biophys. acta, 23, 59 (1957). 

21. Entner, N., and Doudoroff, M., J. Biol. Chem., 196, 853 (1952). 


in 
ar 
| 
y 
y 
it | 
y 
h 
| 
S. 
e 
e 
ir 
e 
n 
ll 
t 
e | 
| 
| 
| 
)- 
d 
14 


550 PENTOSE CYCLE IN LACTATION 


NY RLY 


. Glock, G. E., and McLean, P., Biochem. J., 56, 171 (1954). 


Glock, G. E., and McLean, P., Biochim. et biophys. acta, 12, 590 (1953). 


. Peeters, G., Coussens, R., and Sierens, G., Naturwissenschaften, 41, 428 (1954). 
. Kelley, T. L., Nielson, E. D., Johnson, R. B., and Vestling, C.8., J. Biol. Chem., 


212, 545 (1955). 


. Baranowski, T., J. Biol. Chem., 180, 535 (1949). 
. Ichihara, A., and Greenberg, D. M., Proc. Nat. Acad. Sc., 41, 605 (1955). 


‘ 
' 
> 


CORRECTION 


On page 262, line 3 from the bottom, Vol. 219, No. 1, March, 1956, read [a], —12.1° 
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THE SOLUBILITY OF POWDERED BONE 


By B. E. C. NORDIN* 
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Columbia University, and the Presbyterian Hospital, 
New York, New York) 


(Received for publication, January 4, 1957) 


A number of attempts have been made in the past to establish a ‘“‘solu- 
bility product” for bone (2, 6, 11), but there is little agreement in the 
literature on the results obtained. This opinion is ascribed (14) to the 
inconstancy of composition of the bone lattice due to its ability to “mirror 
the composition of its fluid surroundings.” However, various workers 
have reported that, when bone is shaken with blood or biological fluids, 
there is a fall in the calcium and phosphate concentrations in the solution 
(2, 6), paradoxically indicating that tissue fluids are “supersaturated”’ 
with calcium and phosphate. 

Neuman (13) showed that, when bone powder was shaken in a synthetic 
ultrafiltrate containing physiological concentrations of calcium and phos- 
phate, it removed these ions from the solution in a 2:1 ratio until the 
product of their concentrations was about 0.6 umole per liter at the end of 
24 hours. The same bone sample appeared to have an almost unlimited 
capacity to take up calcium and phosphate in this way, the calcium and 
phosphate concentrations at the end of 24 hours always being about the 
same. It was not stated whether similar concentrations of calcium and 
phosphate could be obtained by starting from “undersaturation.” For 
this reason the present attempt was made to establish a solubility product 
for bone powder. 


Materials 


The bone powder was prepared by grinding calf bone (with the epiphyses 
cut out) to about 100 mesh and then defatting and drying it with acetone 
and ether. All the experiments were performed on one batch of bone 


powder. 


Procedure 


In preliminary experiments it was found that the agitation of the bone 
powder in water and inorganic solutions resulted in the extraction of 
organic matter from the bone. Ultrafiltration of the supernatant fluid 


* Fellow, Smith, Kline and French Laboratories. Present address, Gardiner In- 
stitute of Medicine, Glasgow, Scotland. 
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showed that a large but variable proportion of the calcium was not ultra- 
filtrable; it was presumably bound to protein or to polysaccharide extracted 
from the bone or to both. It was therefore decided to perform all the 
experiments with the powder in dialysis bags as Levinskas (10) had _ pre- 
viously done in studies on the solubility of hydroxyapatite. 

The standard procedure was to place a weighed amount of bone powder 
in a short strip of dialysis tubing with some of the equilibrating fluid and 
then to tie off both ends of the tube. Except where otherwise stated, the 
ratio of fluid to solid was kept constant at 10 ml. of fluid to 1 gm. of bone 
powder, this being the lowest practicable ratio and the one nearest to that 
existing in the body. In most of the experiments, 3 gm. of bone powder 
and 30 ml. of fluid were used, about one-third of the fluid being placed 
inside the bag and two-thirds outside. Equilibration was carried out in 
Erlenmeyer flasks which were mechanically agitated in an incubator at 
37°. Bacterial growth was prevented by the addition of a crystal of 
thymol or, in later experiments, a few drops of toluene. : 

The equilibrating fluid used in most of the experiments is referred to as 
a synthetic ultrafiltrate and was made up as described by Neuman (13). 
It was brought to a pH of 7.4 with 5 per cent carbon dioxide. The tris- 
(hydroxymethyl )aminomethane (Tris) and cacodylate buffers were made 
up according to standard procedures at a strength of 0.15 mM. When 
calcium or phosphate was omitted from or added to the synthetic ultra- 
filtrate, no attempt was made to correct the small change in molarity 
which resulted. 

Calcium was estimated by titration with ethylenediaminetetraacetic 
acid in the presence of alkali, with ammonium purpurate as the indicator, 
the end point being established in a Coleman spectrophotometer. Phos- 
phate was estimated by the method of Fiske and Subbarow (1) and pH 
measurements were made with a glass electrode pH meter. 


Results 


Experiments at pH 7.4 to 7.6—All of the results obtained by equilibrating 
the bone powder for periods of 16 to 72 hours at a pH of about 7.4 with 
synthetic ultrafiltrate and other buffered solutions of the same _ ionic 
strength containing various concentrations of calcium and phosphate are 
shown in Table I and Fig. 1. Table I shows the initial and final concen- 
trations of calcium and inorganic phosphate, the initial and final pH 
(when measured), the nature of the equilibrating fluid, and the time of 
equilibration. 

Most of these experiments were conducted for 24 hours. In the case 
of Experiment GG-2, in which the initial calcium level was very high, the 
72 hour levels are given. Evidence that equilibrium was normally reached 
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in a few hours was obtained on several occasions, and the results after 
5 hours in Experiment II are shown in Table II. These 5 hour levels are 
well within the range of the results shown in Table I. In other experi- 
ments, observations were continued for 72 hours, and it was found that 
only very small and variable changes occurred between 24 and 72 hours 
(Tables V and VII). 

The change in pH which occurred in this pH range was small in contrast 
to the large changes which occurred in experiments at lower pH levels 
(Table ITT). 

The final product of the calcium and phosphate concentrations in these 
experiments ranged from 0.28 to 0.74 umole per liter. The mean product 
was 0.44 umole per liter. When this figure is corrected to allow for the 
proportion of inorganic phosphate present in the divalent form at pH 7.4 
in 0.15 m solutions (78 per cent) and for ionic strength effects with activity 
coefficients for calcium of 0.36 and for phosphate of 0.23,' the activity 
product becomes 2.8 X 10~* mole per liter. This may be compared with 
an activity product of 2.65 XX 1077 for CaHPO,-H,O' and an activity 
product on dissolution of about 5 x 10~-% (10) for hydroxyapatite under 
comparable conditions. 

To make these figures comparable with those of certain earlier workers 
(2,6, 11, 12) they have also been expressed in terms of the pK of secondary 
and tertiary calcium phosphate. The solubility product, in these terms, 
of the secondary phosphate ranges from 6.2 to 6.7 and that of the tertiary 
from 24.7 to 26.7. When the experiments from supersaturation and 
undersaturation are considered separately, they do not show any signifi- 
cant difference in the range of either of these pK values. 

Experiments at pH 6.2 to 7.8—When an attempt was made to establish 
the effect of pH on the solubility product, it was found that 0.15 m buffers 
were incapable of maintaining a constant pH at levels appreciably below 
7.4. Table III gives some examples of the pH changes which occurred 
during equilibration. It was therefore found necessary to check the pH 
at frequent intervals and to bring it back to the desired pH by the addition 
of 0.15 m acid or base (usually the former). When this had been done 
frequently through the 1st day, it was found that there was less tendency 
for the pH to change thereafter, but no attempt was made to check it 
during the night, and in the mornings it was found that small changes had 
occurred. 

The results obtained after 72 hours equilibration with this technique 
are shown in Table IV and Fig. 2. The effect of pH is very marked, the 
product varying from 3.9 X 10~-* mole per liter at pH 6.2 to0.19 XK 10-® 
mole per liter at pH 7.8. It will be noticed that the line joining these 


‘Neuman, W. F., personal communication. 
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points (the upper line in Fig. 2) passes through pH 7.4 at a product very 


close to the mean value of 0.44 umole per liter obtained in the previous 
; Ca 6.0 
$P 


2.5 
2.3 
2.1 
1.9 
1,7 
1.5 
1.3 
0.9 
0.7 
0.5 
0.3 
O,! 


CALCIUM (mM/L) 


CaXP= 44+ O9MM/L 


O1 0305 O7 13 15 17 19 21 2325 3.0 4.0 
PHOSPHATE (mM/L) 

Fic. 1. Solubility product at about pH 7.4. The black dots represent the con- 
centrations of calcium and phosphate in the equilibrating solutions at the beginning 
of the experiments, and the tips of the arrows represent the concentrations at the 
end (usually 24 hours; see Table I). The line represents the mean final product of 
0.44 umole per liter. 


TaBLe II 
§ Hours Equilibration 


The concentrations of Ca and P after 5 hours equilibration in Experiment II. 
See Table I for initial concentrations and 24 hour levels. All concentrations are 
expressed in moles per liter. 


Ca P Ca xX P 
Experiment 
xX 1073 xX 1073 x 107° 
II-2 0.20 1.6 0.32 
II-3 0.20 1.7 0.34 
0.45 1.2 0.54 
11-5 0.45 1.2 0.54 


experiments. The lower line in Fig. 2 (which is the product of the fifth 
and seventh columns in Table IV) shows that the effect of pH on the 
solubility product cannot be entirely explained in terms of the dissociation 
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of secondary phosphate ions, since the pK falls from 6.1 at pH 6.2 to 6.8 
at pH 7.8. However, when calculated in terms of tertiary calcium phos- 
phate, the solubility product is remarkably constant from pH 6.6 to 7.8, 
the extreme pK values being 26.1 and 26.7, the majority of them 26.4. 


TaBLe III 
Changes in pH during Equilibration 
Changes in pH of 0.15 m buffer solutions in the presence of bone powder. 


Experiment Buffer Initial pH pH after 
24 hrs 
KK-1 Acetate | 5.4 6.7 
KK-2 5.6 6.9 
KK-3 5.8 7.1 
KK-4 6.0 7.1 
KK-5 a 6.2 7.3 
12 hrs. 48 hrs 
NN-1 Tris-maleate 5.6 6.2 6.3 
NN-2 5.8 6.5 6.5 
NN-3 - 6.0 6.6 6.6 
NN-4 ” 6.4 6.9 6.9 
NN-5 - 7.0 7.3 7.8 
24 hrs 
OO-1 6.9 7.0 
OO-2 = 7.1 7.0 
OO-3 7.4 
OO-4 7.5 7.6 
OO-5 7.7 
48 hrs. 
JJ-1 Acetate 4.3 5.5 
JJ-2 5.0 | 6.0 
JJ-3 Vs, 6.0 7.0 
JJ-4 «“ 7.3 | 7.6 


The last three columns of Table IV show the product of the calcium 
and total phosphate concentrations at 24,48, and 72 hours. The minor 
irregularities in the products between 24 and 72 hours may be due to 
failure to keep the pH absolutely constant despite the precautions taken. 
They certainly do not show any consistent trend which might suggest that 
equilibrium had not been attained. 

Table V shows the results obtained at pH 6.2 and 7.8 when equilibrium 
was approached from higher values. The results should be compared 
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with those of Table IV in which all the equilibria were approached from 
below. In terms of the secondary salt, only a small difference can be 
seen between the results obtained by the two procedures; in experiments 
from above the pK range is 6.1 to 6.5, and in experiments from below, 6.1 
to 6.8. In terms of the tertiary salt, the range in the undersaturation 
experiments is 26.1 to 27.3, and in the supersaturation experiments 25.4 
to 27.5. In each series of experiments, the ‘solubility’ of the secondary 
salt is greatest in the acid medium, and that of the tertiary salt greatest 


TaBLe IV 
Effect of pH on Solubility 
The effect of changes in pH upon the solubility of the bone powder. All solutions 
were free of calcium and phosphate at the beginning of the experiments. All con- 
centrations are expressed in moles per liter. 


Ca | P PO,” Ca X P 

Experiment Fluid pH | x 10" 
x 10°3 «K 10°98 | | (POs)2 
24 48 72 
hrs. | hrs. | hrs. 
YY-1 Cacodyl | 6.2 | 72 | 4.0 0.97 | 0.19 0.85 6.1 | 27.3 4.6 |3.5 |3.9 

buffer 

YY-2 salts 6.4 | 72 | 3.9 0.76 | 0.21 1.52) 6.1 | 26.9 3.2 |2.2 |3.0 
YY-3 6.6 | 72 | 3.5 0.46 | 0.17 2.10 6.2 26.7 1.6 (1.3 
YY-4 a 6.8 | 72 | 2.7 0.46 | 0.22 4.50, 6.2 | 26.4 0.93.1.0 1.3 
YY-5 7.0 | 72 | 2.3 0.39 | 0.23 7.80, 6.3 26.1 0.53,0.63)0.7 
QQ-1 Tris 7.0 | 72 | 1.8 0.31 6.20, 6.5 26.7 0.420.50/0.56 
QQ-2 0.338 0.23 13.0 6.5 26.4 0.50,0.34 0.42 
QQ-3 7.4 | 72 | 0.7 0.49 0.39 35.0 6.6 26.4 0.65 0.45 0.36 
QQ-4 7.6 | 72 0.4 0.63 0.54 | 82.0 | 6.7 | 26.4 | 0.29 0.25 
QQ-5 7.8 | 72 0.25 0.75 0.69 170.0 6.8 26.3 0.26 


*S.p. = solubility product. 


in the alkaline medium, but bearing in mind that the latter product involves 
a fifth order calculation, the results from below in the latter case appear 
extremely consistent. 

Effect of Varying Solid to Fluid Ratio—In all the experiments described 
thus far, the solid to fluid ratio was 1:10. It was felt that if the results 
obtained represented any sort of solubility product, they should be repro- 
ducible at other solid to fluid ratios, at least within certain limits. Studies 
were therefore carried out with 100 mg., 500 mg., 1 gm., 3 gm., and 5 gm. 
of bone powder, in each case with 50 ml. of fluid. The results are shown 
in Table VI, which indicates that substantially the same results were 
obtained over the whole of this 50-fold range of solid to fluid ratio. 
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pH 
Fig. 2. Effect of pH on solubility product. The black dots show the product of 
the calcium and phosphate concentration after 72 hours equilibration at various pH 
levels. The white circles show the corresponding figures after correction of total 
phosphate to divalent phosphate ions (see Table IV). 


TABLE V 
Equilibration from Above 
Concentrations of calcium and phosphate after 24 hours equilibration with bone 
powder, starting from “‘supersaturated’”’ solutions. Tris buffer at pH 7.4 and 7.8; 
cacodylate buffer at pH 6.2. All concentrations are expressed in moles per liter. 


| Initial levels | Final levels (24 hrs.) 

Experiment | HPO." pO” | Ca | P Pow” | pK | pK, 

1073 1078 x 10°73 x | POs (PO4)2 

AAA-1 7.8 | 2.1 | 2.2 > 2.0 4.8 | 0.55 | 0.68 | 0.61 | 1.5 6.5 | 25.4 

AAA-2 7.8 | 2.1 | 2.2/2.0) 4.8 | 0.50 | 0.62 | 0.55) 1.4 | 6.6 | 25.8 

AAA-3 7.4 1.5) 2.2) 1.8 | 0.90 | 0.56 | 0.44 | 0.4 6.4 | 26.0 

AAA4 | 6.2. «1.8 2.2 0.4 0.02 4.9 | 0.62 | 0.12 | 0.006 | 6.2 | 27.5 

AAA-5 16.2 | 1.8 | 2.2 0.4 0.02 4.7 | 0.32 0.16 | 0.007 | 6.1 27.3 
*S.p. = solubility product. 
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DISCUSSION 


Neuman (14) and Hodge (3-5) have stressed that bone mineral is not a 
sufficiently pure or constant compound to possess a true solubility product. 
Nevertheless, since it has been formed in biological fluids of remarkably 
constant composition, it is not unreasonable that it should possess a 
relatively constant solubility, and it seems that the solubility of this 


TaBLeE VI 
Effect of Solid to Fluid Ratio 


All samples were equilibrated with 50 ml. of 0.15 m Tris buffer at pH 7.4. No 
calcium or phosphate in original solutions. All concentrations are expressed in 
moles per liter. 


Ca | P | HPO,” 
Experiment Time Solid 
x 10°3 1079 

Ars. mg 

UU-1 24 100 0.80 0.25 0.20 1.8 6.8 26.8 
48 100 0.80 0.22 0.18 1.6 6.8 26.9 
72 100 0.50 0.41 0.33 3.0 6.8 27.0 

UU-2 24 500 0.80 0.41 0.33 3.0 6.6 26.3 
48 500 0.70 0.28 0.22 2.0 6.8 26.9 
72 500 0.65 0.44 0.35 3.2 6.6 26.6 

gm. 

UU-3 24 1 0.80 0.44 0.35 3.2 6.6 26.3 
48 1 0.90 0.34 0.27 2.5 6.6 26.3 
72 1 0.88 0.44 0.35 3.2 6.5 26.2 

UU-4 24 3 0.80 0.53 0.42 3.8 6.5 26.1 
48 3 0.90 0.59 0.46 4.3 6.4 25.9 
72 3 0.80 0.47 0.37 3.4 6.5 26.2 

UU-5 24 5 0.80 0.52 0.41 3.¢ 6.5 26.2 
48 5 0.70 0.59 0.46 4.3 6.5 26.2 
72 5 0.80 0.44 0.35 3.2 6.6 26.3 


*S.p. = solubility product. 


particular sample of bone can be expressed in terms of the product of the 
calcium and phosphate concentrations with which it comes into equilib- 
rium, under the conditions of these experiments. Whether similar re- 
sults can be obtained on other bone preparations by other workers remains 
to be seen. 

The figure obtained for the activity product of this bone preparation 
at pH 7.4 (2.8 X 10-* mole per liter) is close to, but a little larger than, 
Levinskas’ figure (10) for the solubility of synthetic hydroxyapatite in 
similar conditions, but smaller than the thermodynamic solubility product 
of dibasic calcium phosphate which is 2.65 & 1077 (13). It is appreciably 
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smaller than the uncorrected product of the calcium and phosphate concen- 
trations in mammalian tissue fluid, which is about 2 X 10-* mole per 
liter (activity product about 1.3 *K 107’). It is also considerably lower 
than the figure arrived at by Logan and Taylor (12) when they equilibrated 
very small amounts of inorganic solid or bone powder with very large 
volumes of calcium and phosphate solutions. They approached equilib- 
rium from above and found that the solubility product became larger as 
the amount of solid used became smaller, until with very small amounts 
of solid the pK of the solubility product Ca;(PO,4)2 became 23.1. This 
figure is comparable with the product in the tissue fluids, and they believed 
that the lower figure obtained with larger amounts of solid could be ex- 
plained by adsorption of ions on the surface. Another possible explanation 
might be that the small amounts of solid used were inadequate to take up 
the large amounts of calcium and phosphate present in the solutions. 
Logan and Kane (11) reported a number of calcium and phosphate values 
obtained by equilibration with bone, but in most cases the solid to fluid 
ratio was very much lower than that used in these experiments. However, 
with a solid to fluid ratio of 1:20 and a pH of 6.65, they obtained a calcium 
concentration of 2.55 and a phosphate concentration of 1.15 mmoles per 
liter. The product of these values is very close to the product obtained 
in the present experiments at this pH. 

The solubility product for bone powder obtained at pH 7.4 is so far 
below the product in the tissue fluids even in hypoparathyroidism or 
vitamin D deficiency that it certainly cannot explain the levels of calcium 
and phosphate present in body fluids. However, a product comparable to 
that found in tissue fluid was obtained at a pH of about 6.6, and small 
changes in pH around this figure caused large changes in solubility, mainly 
due, presumably, to the large effect of pH changes in this region on the 
dissociation of phosphoric acid. These results suggest the possibility that 
the bone tissue in the living organism may be exposed to a bathing fluid 
at a lower pH than is normally assumed to be the case. It seems not 
inconceivable that a semipermeable ‘‘“membrane”’ (as suggested by Howard 
(7)) or gel may separate the bone crystals from the tissue fluid and that a 
pH gradient may exist across this barrier. Possibly the interior of bone 
is not as well supplied with oxygen as other tissues, and the result is a 
local ‘‘acidosis’”’ due to accumulation of COs or organic acids. If such 
were the case, and this is, of course, mere speculation, parathyroid hormone 
and vitamin D would only have to effect a small additional lowering of 
pH locally in order to dissolve bone mineral (9). There has previously 
been speculation in this direction by Park (16) and Jaffe (8), among others. 

The solubilities of calcium phosphate, bone powder, and synthetic 
hydroxyapatite have been compared in Table VII. In terms of secondary 
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calcium phosphate, they present a descending scale of solubility from the — 
inorganic salt at the top (the solubility of which, as Neuman (14) has _ 
pointed out, represents a ceiling which cannot be exceeded in body fluids) 


to the synthetic hydroxyapatite at the bottom. If the bone salt has in 
fact the solubility observed in the present series of experiments, it would 
be in equilibrium with a tissue fluid calcium of 1.75 mmoles per liter and 


phosphate of 1.0 mmole per liter at a pH of about 6.6, if the relevant salt | 
were secondary calcium phosphate. In terms of the tertiary salt, a pK | 
corresponding to that observed in these experiments would be attained at — 
a pH of about 6.8, with the given concentrations of calcium and inorganic — 


phosphate in tissue fluid. 


TABLE VII 
Relative Solubilities of Bone Powder and Inorganic Compounds 


The relative solubilities of calcium, phosphate, bone powder, and synthetic hy- | 


droxyapatite expressed in terms of the pK ofthe solubility product of the secondary 
and tertiary salts. The products in tissue fluid have been calculated on a calcium 
concentration of 1.75 mmoles per liter and a phosphate concentration of 1.0 mmole 
per liter. The figures in parentheses refer to bibliographic references. 


System pK s.p.* CaHPO, pK s.p.* Caa(POs)2 
Normal tissue fluid (pH 7.4)............... 5.7 24.6 
Bone powder (present work).............. 6.1-6.7 26-27 
7.2 (10) | 28 (10) 


*S.p. = solubility product. 


The results obtained cannot make any firm contribution to the question 
of whether bone salt should be considered in terms of secondary or tertiary 


calcium phosphate, except insofar as the pK range obtained for the tertiary | 


salt is smallest in the undersaturation experiments and that for the second- 
ary salt smallest in the supersaturation experiments. ‘These results are 
compatible with the concept that the first salt formed is secondary cal- 
cium phosphate and that this is converted spontaneously to tertiary 
calcium phosphate. 


SUMMARY 


1. Dried, defatted, powdered calf bone in dialysis bags was equilibrated 
with inorganic solutions buffered at various pH levels and containing 
various concentrations of calcium and phosphate. All the experiments 
were performed in 0.15 M solutions at 37°. The ratio of solid to fluid was 
1:10, but observations were also made down to the ratio of 1:500. 
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2. Whether equilibrium was approached from above or below, the 
final product of the calcium and phosphate concentrations at pH 7.3 to 
7.6 ranged from 0.24 to 0.74 umole per liter, the mean being 0.44. This 
corresponds to an activity product of about 2.8  10-* mole per liter. 
The pK of the solubility product CaHPO, ranged from 6.2 to 6.7, and the 
pK of the solubility product Ca3(PO,)2 from 24.7 to 26.7. 

3. When studies were performed from undersaturation over the pH 
range 6.2 to 7.8, the product of calcium X total phosphate fell from 3.9 
umoles per liter at pH 6.2 to 0.19 at pH 7.8. In terms of secondary cal- 
cium phosphate, this pH effect could not be entirely accounted for by the 
dissociation of phosphoric acid, the pK ranging from 6.1 to 6.8. In terms 
of the tertiary salt, the pK of the solubility product was very steady at 
about 26.4 from pH 6.6 to 7.8. 

4, Observations from supersaturation at pH 6.2, 7.4, and 7.8 suggested 
that the range of pK for the secondary salt was slightly smaller than for 
tertiary salt in these experiments. 

5. The results suggest that the tissue fluid concentrations of calcium 
and phosphate could represent an equilibrium with the bone salt if the 
pH on the surface of the bone crystal was about 6.6 to 6.8. 


I wish to express my gratitude to Dr. Karl Meyer, in whose laboratory 
at the College of Physicians and Surgeons, Columbia University, this work 
was done, for invaluable advice at all stages. 


Addendum—After this paper was completed, Neuman et al. (15) reported in a 
communication to the editor an experiment on the effect of parathyroid hormone on 
the citrate content of blood obtained from spongy bone compared with that of ar- 
terial blood obtained at the same time. The authors concluded that the local pro- 
duction of citrate might contribute to the maintenance of a calcium gradient both 
by chelation and by acidification. It seems more probable that, in a tissue as rela- 
tively avascular as bone and where there is presumably a low oxygen tension, gly- 
eolysis rather than oxidative glucose breakdown could be expected to bring about 
local changes in pH. 
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ORIGIN OF THE MAJOR SPECIFIC PROTEINS IN MILK* 


By B. L. LARSON anv D. C. GILLESPIET 


(From the Laboratory of Biochemistry, Department of Dairy Science, University of 
Illinois, Urbana, Illinois) 


(Received for publication, January 31, 1957) 


The proteins present in milk have been considered not only to arise from 
the synthetic activities of the mammary gland but also to include some 
preformed proteins which enter the gland from the blood and possibly other 
sources. The isolation and recognition in recent years of 97 per cent of the 
proteins of bovine skim milk as specific chemical and biological entities 
(1) have made it possible now to determine which of these proteins are 
synthesized in the mammary gland. 

Various investigators (2-7) have shown with several species that intra- 
venously injected radioactive precursors are incorporated rapidly into the 
milk proteins jn the lactating mammary gland. Proteins synthesized in 
the gland and removed periodically by the milking process contain a nota- 
bly higher level of activity up to 24 hours than proteins synthesized else- 
where and diluted by an existing protein pool. Black and Kleiber (5) 
have shown, with the aid of carbonate-C™, that in the cow in the early 
hours it is chiefly the non-essential amino acids which incorporate the 
activity. Campbell and Work (2) and Askonas e¢ al. (3) found with the 
rabbit and the goat that the total casein isolated from milk taken within a 
few hours after the intravenous administration of radioactive amino acids 
contains a higher level of activity than the total whey proteins. On the 
assumption that all of the casein was synthesized in the gland, this result 
was interpreted to indicate that some, at least, of the whey proteins must 
have a different origin. Part of the difference was accounted for by the 
immune globulins! which apparently enter the gland in a bound state from 
the blood, probably as the intact protein (6). Askonas et al. (7) subse- 


* Supported in part by aid from the Rockefeller Foundation and the Atomic 
Energy Commission. 

t Present address, Department of Microbiology, Western Reserve University, 
Cleveland, Ohio. | 

!The immune globulins should not be confused with 8-lactoglobulin.  6-Lacto- 
globulin, a-lactalbumin, and milk serum albumin together comprise essentially the 
classical “‘lactalbumin’”’ fraction of the whey proteins. The immune globulin com- 
ponents contain the antibodies of milk and comprise essentially the classical ‘“‘lacto- 
globulin’? fraction. The relation of the currently preferred nomenclature of the 
milk proteins to that of the past has caused some confusion. This has been clarified 
recently in a review by Jenness ef al. (1). 
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quently found in the goat that total casein and 8-lactoglobulin are synthe. 
sized from a free amino acid pool in equilibrium with the free amino acid | 
pool of the circulating blood. This implies that a-casein and 6-casein are | 
synthesized in the gland, since they comprise about 65 and 30 per cent, , 


respectively, of the total casein. 
It is possible from these studies to draw analogies among different 


species to arrive at conclusions concerning the probable origin of several of © 


the major proteins of bovine milk. The present studies were conducted to 
establish for these and for the remainder of the major milk proteins which 
originate from the free amino acid pool in the gland and which enter the 
gland preformed from another source. 


EXPERIMENTAL 


A 1300 pound Holstein cow which was producing 24 pounds of milk per 


day in the 8th month of lactation was chosen for these studies. An injec- - 


tion of 20 mc. of C™ as sodium carbonate was made into the right jugular 
vein. Blood and milk samples were taken before and at 3, 11, and 24 hours 
after injection. After an injection of 10 units of oxytocin, the cow was 
milked dry at each interval. 


| 


The milk samples were warmed to 37°, and the fat was removed by cen- | 
trifugation. The skim milk was brought to pH 4.6 with dilute HCl and _ 


centrifuged. The precipitated casein was washed three times with dis- 
tilled water and centrifuged, the first wasking being added to the whey. 
The moist packed casein was stored at 4° under toluene until further frac- 


tionated. The whey samples were dialyzed against 4 volumes of distilled © 


water for about 18 hours. These steps were carried out within 24 hours of 
the sampling time. 
Casein Fractionation—The urea methods of Hipp et al. (8) were used with 


the following modifications. The a-casein precipitated from 4.63 mM urea | 


was washed three times with 4.7 m urea. The precipitate contained 90 
per cent of a-casein contaminated with about 10 per cent of 6-casein, as 
shown by electrophoretic analyses. The crude 8-casein precipitated from 
1.6 M urea was redissolved in 3.3 M urea, centrifuged, and precipitated by 
diluting to 1.6 mM urea. The precipitate contained 93 per cent of 6-casein 
contaminated with 5 per cent of a-casein and 2 per cent of y-casein, as shown 
by electrophoretic analysis. The procedure for y-casein was followed to 
the end of the second precipitation with ammonium sulfate. An electro- 


phoretic analysis showed that this precipitate contained about 25 per cent | 
y-casein, 60 per cent 6-casein, 5 per cent a-casein, and 10 per cent of an | 


unidentified component with an electrophoretic mobility midway between 
a-casein and 6-casein. This component accounted for less than 1 per cent 
of the original casein. Pure y-casein was removed from the descending 
boundary of the electrophoretic cell with a hypodermic needle. 
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Whey Protein Fractionation—The dialyzed whey was clarified by centrif- 
ugation to remove traces of casein and lipoproteins and brought to pH 6.0 
by the addition of neutral phosphate buffer. Two fractions were obtained 
by precipitation with solid ammonium sulfate at 2.06 M and 3.7 M. 
The precipitate removed from the 2.06 M ammonium sulfate solution was 


- dialyzed against distilled water and further fractionated by a modification 


of the method of Smith (9). The solution was adjusted to pH 4.6 with 
dilute HCl and a saturated solution of ammonium sulfate was added to 
give a 1.0 m solution. After centrifugation, the supernatant fluid was 
adjusted to pH 6.8 with dilute NaOH and saturated ammonium sulfate 
solution was added to give a 1.62 mM solution. The precipitate was removed 
by centrifugation and contained about 85 per cent immune eu- and pseu- 
doglobulins contaminated with 15 per cent of material with the electro- 
phoretic properties of a-lactalbumin as shown by an electrophoretic analysis. 

The precipitate removed from the 3.7 M ammonium sulfate solution was 
treated according to the procedures of Larson and Jenness (10) to prepare 
erystalline 6-lactoglobulin. Some difficulty was experienced in crystal- 
lizing the 6-lactoglobulin from some of the solutions after seeding, and in 
these instances the concentrated 6-lactoglobulin solutions were dialyzed 
against distilled water after adjustment to pH 4.7 with acetate buffer. In 
either case, electrophoretic analysis showed that the precipitate contained 
85 to 95 per cent B-lactoglobulin contaminated with a-lactalbumin. The 
supernatant fluid was adjusted to pH 4.0 with one-fourth its volume of 0.2 
M potassium acid phthalate and brought to 1.0 M ammonium sulfate con- 
centration by adding a saturated solution of this substance. Electropho- 
retic analysis of the precipitate showed that it contained about 95 per cent 
a-lactalbumin contaminated with 6-lactoglobulin and milk serum albumin. 
The supernatant fluid contained about 20 per cent milk serum albumin, 70 
per cent B-lactoglobulin, and 10 per cent a-lactalbumin. Pure milk serum 
albumin was removed from the ascending boundary in the electrophoretic 
cell by means of a needle. 

Blood Protein Fractionation—-Globulins were precipitated from the blood 
serum by raising the ammonium sulfate concentration slowly to 2.06 M 
with a saturated solution. The precipitated proteins contained 10 per 
cent of material with the electrophoretic mobility of blood serum albumin. 
The proteins in the supernatant fluid contained about 85 per cent of ma- 
terial with the electrophoretic mobility of blood serum albumin. 

Preparation of Solutions for Analysis—-The various preparations were 
dialyzed against water and neutral phosphate buffer to dissolve them and 
to remove all traces of urea and ammonium sulfate. An aliquot of 5 ml. 
was removed and dialyzed three times against 20 volumes of phosphate 
buffer (pH 6.9, ionic strength of 0.1) for combustion and counting of the 
radioactivity. An aliquot of 20 ml. was dialyzed three times against 30 
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phoretic analyses. 


volumes of Veronal buffer (pH 8.6, ionic strength of 0.1) for the electro. | 


Electrophoretic analyses were carried out as previously described (11, | 
12). Combustions for radioactivity assay were conducted by the wet . 


method with use of the Van Slyke-Folch macro wet combustion fluid (13), 


The samples of CO. were precipitated as BaCQO; and either counted at | 
infinite thickness or, if not, corrected with a standard BaCOQ; self-absorp. | 


tion curve (14). 
The results given for a-casein, 8-casein, y-casein, milk serum albumin, 
B-lactoglobulin, and a-lactalbumin are uncorrected since they were of 85 


to 100 per cent purity and the contaminants were components with about | 


the same level of activity. The immune globulins were corrected for the 


15 per cent of material of high activity present; this had but a small effect 


on the result (2.e. 3 hour figures were corrected from 4.5 to 3.1 me. of C¥ 


per mole of protein carbon). 


RESULTS AND DISCUSSION 


The protein analysis of the milk collected in this study is shown in Table © 


I. The milk taken at the four intervals did not differ significantly in pro- | 


tein composition and was of the composition expected from a Holstein cow 
at this stage of lactation (15). 

The results shown in Fig. 1 indicate that the total whey proteins in- 
corporated less activity than the total casein. The level of activity found 
in the blood proteins was lower than that in the milk proteins; no signifi- 
cant difference was found between the levels incorporated into the blood 
albumin and globulin fractions. In all cases, the highest activity was 
found at the 3 hour level. 

The curves in Fig. 2 show that the milk proteins may be separated into 
two distinct groups in terms of the activity incorporated. The level of 
C incorporated by a-casein, 6-casein, a-lactalbumin, and £-lactoglobulin 


(hereafter called Group A) was about the same at each of the intervals; — 


the highest level was present in the 3 hour milk. The level of activity 
incorporated into y-casein, the immune globulins, and milk serum albumin 
(hereafter called Group B) was considerably lower at the 3 hour interval, 
increased a little at the 11 hour interval, and then decreased at 24 hours. 
The recognition that milk serum albumin as well as the immune globulins 
incorporates low activity adequately accounts for the difference in the level 
of activity incorporated into total casein and the total whey proteins. 
These results imply that the conclusions reached by Askonas et al. (6, 7) 
for the synthetic origin of B-lactoglobulin and the immune globulins in the 
goat and rabbit also hold true for the cow. Since y-casein comprises only 
a small percentage of the total casein (Askonas ef al. noted that only a 
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trace was present in their total goat milk casein), it is apparent that the 
amount of activity incorporated into a-casein and 8-casein may not differ 


significantly from that in the total casein. 


TABLE I 


Protein Analysis of Milk 


Protein fraction 


Present per 100 ml. skim 
mil 


Casein (total) 
a-Casein 
g-Casein 
y-Casein 
Whey proteins (total) 
Immune globulins (eu- and pseudoglobulins) 
a-Lactalbumin 
8-Lactoglobulin 
Milk serum albumin 
‘“Minor’’ protein components* 
Non-protein nitrogen (as protein) 


on 
= 


bo 


* Contain enzymes, proteins unidentified or present in low concentrations, pro- 


teoses, and peptones, etc. (1). 
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HOURS AFTER INJECTION 


Fic. 1. Level of C'™ fixed in the total casein, total whey proteins, and the blood 


proteins after intravenous injection of NasC'Os;. 


The similarity in the levels of C'* incorporated by each of the proteins 
in Group A suggests that these four proteins arise from a common origin. 
This similarity would be expected if these proteins were synthesized in the 
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gland from a common amino acid pool, since each of these proteins contains | __t 
about the same level of the non-essential amino acids, especially glutamic) i 
and aspartic acids. If 6-lactoglobulin, a-casein, and B-casein are synthe. 
sized in the mammary gland from a free amino acid pool, their level of 
incorporated activity represents the highest level that a protein could con- 
tain (within the limit of differences in amino acid composition). The fact 
that a-lactalbumin also incorporates the same high level implies that it | 
must have been synthesized at the same time from the same free amino _ 
acid pool. This does not preclude the possibility that one or more of the | 
four proteins in Group A could be synthesized elsewhere from the circulat- 
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HOURS AFTER INJECTION 


Fia. 2. Level of C"* fixed in the individual proteins of milk after intravenous in- 
jection of 


ing amino acid pool and be carried by the blood to the mammary gland. | 
Such a situation is unlikely, since it would require that the mammary gland — 
removed the protein from the blood stream so rapidly that it was not di- 

luted by a pool of similar protein synthesized during the previous interval 

and present in the circulating blood. Attempts to isolate any of the pro- — 
teins in Group A from the blood have proved fruitless and there has been — 
no immunological evidence to indicate that they are ever present in 

the blood of either lactating or non-lactating animals (16). Furthermore, | 
Heyndrickx and De Vleeschauwer (17) have observed in perfusion studies — 
that the excised mammary gland continues to secrete milk with a normal or | 
only slightly changed protein composition. The close relationship be- 
tween the proteins in Group A also has been shown by previous work, which 
indicated that there is a highly significant correlation between the levels of 
the four proteins present in the milk of individual cows (12). Little rela- 
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tionship was found between the levels of the proteins in Group A and those 
in Group B. 

Any explanation for the origin of the three proteins in Group B must 
satisfy the data for radioactivity as well as the present day knowledge of 
protein synthesis and the physiological processes of an incorporation and 
excretion which occur in the mammary gland. The following hypotheses 
must be considered as possible explanations of the results observed for the 
proteins which incorporate low activity: (a) These proteins are synthesized 
in the mammary gland at the same sites as the other milk proteins but at a 
slower rate; (b) these proteins are synthesized in the mammary gland at a 
site separate from that for the other milk proteins and there is a lag between 
synthesis and transfer of the proteins to the site where they are incorporated 
as part of the milk; and (c) these components are blood proteins which mi- 
grate at a continuous rate from the blood stream (or lymphatic system) 
into the milk. 

The first hypothesis may be eliminated since, if a protein were synthe- 
sized at the same site as the proteins in Group A, it must have originated 
from the same amino acid pool. The periodic removal of the synthesized 
protein by milking the cow does not allow a large pool of protein to accumu- 
late. Hence, even if the synthesis were slower, the proteins formed during 
the interval at the same site should all contain about the same level of 
activity within the limits set by the differences in their amino acid composi- 
tion. This assumes that the proteins are synthesized from a common free 
amino acid pool, an assumption which appears warranted from recent work 
with mammalian tissues (18). Even if one of the proteins in Group B 
were synthesized from peptide fragments or partially from the free amino 
acid pool, its level of C'* incorporation only fortuitously would be the same 
as the other proteins in Group B or of the blood serum proteins. Such a 
situation is unlikely. 

The other two possibilities could equally well explain the activity curve 
with time and the lower specific activity of the proteins in Group B. The 
low value at the 3 hour interval is probably the result of dilution by a pool 
of unlabeled protein which arose either by synthesis and storage in the 
mammary gland or by migration of preformed proteins into the gland. 
In the one case, the diluting protein is that formed in the gland before in- 
jection of C' but not released until the 3 hour milking time, when it 
would contain a fraction of high activity protein formed during the period; 
more of the high activity protein would be present in the 11 hour milking. 
In the other case, the constant migration of increasingly labeled blood 
protein into the milk would account for the low 3 hour value and for the 
increase at 11 hours. The drop at 24 hours occurs in all the protein frac- 
tions and is a reflection of general dilution and loss of C". 
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However, the close similarity in the specific activities of the blood pro- 
teins and the proteins in Group B suggests that they have a common ori- 
gin. The level of activity found in the proteins of Group B at the milk- 
ing intervals is what would be expected if the blood proteins were entering 
the gland during the intervening period. If this was not the case, it would 
have to be inferred that the ratio between the amount of highly active blood 
proteins synthesized in a given interval to the total amount of proteins in 
the blood stream was exactly the same as the ratio between the amount of a 
highly active protein synthesized in a given interval in the mammary gland 
to the total amount of this protein present in a pool in the mammary gland. 
Such a situation seems improbable. The high level of y-casein found in the 
colostrum at- parturition (15) and the observations of Heyndrickx and 
De Vleeschauwer (17) that this protein is similar in nature to the immune 
globulin components suggest a relationship of y-casein to the blood proteins. 

The available chemical and immunological data indicate that the immune 
globulins and milk serum albumin are identical with proteins present in 
the blood serum (1). These considerations suggest that the data for the 
proteins in Group B can best be explained by assuming that they are nor- 
mal blood proteins which migrate into the milk from the blood stream. 
This does not eliminate the possibility that one or more of the proteins in 
Group B still could be synthesized in the mammary gland at a site other 
than the secretory tissue where the proteins in Group A are synthesized. 
Such a situation can be envisioned in the case of the immune globulins, 
for example, when synthesis of the various immune components occurs at 
several sites in the animal. One of these could be in the mammary gland. 
If the mammary gland is a site at which synthesis of a significant quantity 
of immune globulins occurs, however, the present data imply that they are 
not transferred to the milk directly but enter the blood stream first. 


SUMMARY 


20 me. of C™ (as NasCO;) were injected intravenously into a lactating 
dairy cow. 

The levels of C' incorporated by a-casein, B-casein, a-lactalbumin, and 
B-lactoglobulin suggest that these milk proteins are synthesized in the 
mammary gland from a common free amino acid pool. 

The levels of C incorporated by y-casein, the immune globulins, and 
milk serum albumin, and their similarity with the levels present in the 
blood proteins, suggest that these proteins enter the milk preformed from 
the blood stream. 
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SYNTHESIS AND MICROBIOLOGICAL PROPERTIES OF A 
THIOPHENE ANALOGUE OF CARNOSINE* 


By FLOYD W. DUNN 
(From the Department of Chemistry, Abilene Christian College, Abilene, Texas) 


(Received for publication, December 10, 1956) 


Previous studies have shown that certain peptides of thienylalanine 
are effective growth inhibitors (1), and under some conditions the pep- 
tides are more toxic than thienylalanine (2). This paper reports the 
preparation of and studies of its effect 
upon the growth of Lscherichia coli strain 9725. It can be seen from 
the structures below that this peptide analogue is structurally similar 
to carnosine (6-alanylhistidine), a naturally occurring dipeptide, and is 
also similar to B-alanylphenylalanine. 


H:N—CH:CH:CONH—CH—COOH 


CH, CH, 
we 
< 
B-Alany]-8-2-thienylalanine 8-Alanylhistidine 


Since previous studies have demonstrated competitive antagonism 
between structurally similar peptides such as glycy]-6-2-thienylalanine and 
glveylphenylalanine (2), it might be expected that competitive antagonism 
would occur between the structurally similar 6-alanyl peptides. It is 
shown in the experimental section that the toxicity of B-alanyl-8-2-thienyl- 
alanine is competitively reversed by the corresponding phenylalanine and 
histidine peptides, and the competitive relationships observed for the 
8-alanyl peptides appear to be functions of the peptides rather than the 
constituent amino acids. 


EXPERIMENTAL 


Compounds—-Alanyl-8-2-thienyl-pL-alanine was prepared as described 
below; other compounds have been reported previously and were prepared 
by conventional methods or obtained commercially. 

B-2-Thienyl-pi-alanine Methyl Ester Hydrochloride—10 gm. of B-2-thienyl- 

* This work was supported by grant No. RG-2843 from the United States Public 


Health Service, and was presented in part at the 130th meeting of the American 
Chemical Society at Atlantic City, September 16-21, 1956. 
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pL-alanine were esterified with methanol by a procedure similar to that 
described by Polglase and Smith (3) for other amino acids. A yield of 
9.1 gm. of ester hydrochloride melting at 160° was obtained. 


CsH,-O2NSCI. Calculated, N 6.32; found, N 6.46 


Methyl Ester—Carboben 
zoxy-6-alanine (0.03 mole) was coupled with 8-2-thienyl-pL-alanine methy| 
ester (0.03 mole) by the method of Vaughan (4) and others, as modified 


by Albertson and McKay (5), yielding 8.8 gm. of product melting at 95°. — 


The compound was purified by recrystallization from ethy] acetate-petro- 
leum ether. 


C)9H22O;N 28. Calculated. C 58.44, H 5.68, N 7.18 
Found. “ 58.38, “ 5.79, “ 7.36 


Carbobenzoxy-B-alanyl-B-2-thienyl-pL-alanine—5 gm. of the above ester 
were hydrolyzed in 50 ml. of acetone and 15 ml. of 1 mM NaOH at room 
temperature for about 1 hour. After removal of the acetone, the aqueous 
solution was extracted with ether, filtered, and acidified with dilute hy- 
drochloric acid to precipitate carbobenzoxy-8-alanyl-8-2-thienyl-pL-alanine. 
Yield, 4.6 gm.; after recrystallization from hot carbon tetrachloride, the 
melting point was 138°. 


Calculated. C 57.43, H 5.36, N 7.44 
Found. ** 57.29, ** 5.45, “ 7.35 


gm. of 
thienyl-pL-alanine were allowed to react with 10 gm. of 33 per cent HBr 
in glacial acetic acid by the method of Ben-Ishai (6), until evolution of 
COs ceased. Upon addition of ether, a gummy precipitate of the pep- 
tide hydrobromide formed. After being washed with ether, the precipitate 


was dissolved in absolute ethanol and neutralized with concentrated am- | 


monia to yield 1.6 gm. of 6-alanyl-8-2-thienyl-pL-alanine. After recrys- 
tallization from ethanol-water, the melting point was 255-257°. 


CyoH,,O;N28. Calculated. C 49.57, H 5.82, N 11.56 
Found. ** 49.42, 5.94, 11.45 


Resting Cell Experiments—For studies to determine the ability of FL. 
coli to hydrolyze the B-alanyl peptides, the cells were grown overnight in 
300 ml. of the salts-glucose medium (2). The cells were centrifuged, 
washed successively with saline and phosphate buffer (pH 7), and then 
suspended in 10 ml. of phosphate buffer of pH 7. 1 ml. of cell suspension, 
when combined with | ml. of substrate solution, gave a final concentration 
of 2.25 mg. of cells per ml. The tubes were incubated at 37° with oc- 
casional shaking. At intervals of 0, 60, 120, and 240 minutes, 30 ul. sam- 


that 


ster 


om. | 


ous 
hy- 
Ine, 
the 


F. W. DUNN 577 


ples of the incubation mixture were withdrawn and placed on Whatman 
filter paper for preparation of the chromatograms. The samples were 
chromatographed by the ascending technique in 95 per cent methanol, 
and typical results are shown in Fig. | for the 2 hour incubation mixture. 
The amino acids and peptides were detected by reaction with ninhydrin. 


O 


Compounds added to cell suspension 


PA Rp Ry SZ Hist Re Rg Ry 3 GTA None 
+ + + 


Ry 32} 4A ah 


Fic. 1. Drawing of typical chromatograms showing the failure of 8-alanyl peptides 
to hydrolyze in the presence of resting cells of EF. coli 9723. Glycyl-8-2-thienyl- 
alanine was partially hydrolyzed to form glycine (Rr 0.21) and -2-thienylalanine 
(Rp 0.53). Abbreviations: PA, phenylalanine; TA, 8-2-thienylalanine; 6-A, B-ala- 
nine; Hist, histidine; Car, carnosine; B-APA, 8-alanylphenylalanine; B-ATA, B-ala- 
nyl-8-2-thienylalanine; GTA, glycyl-8-2-thienylalanine. 


Peptides were added to give a concentration of 1 mg. per ml., whereas the 
free amino acids were added to give a concentration of 0.05 mg. per ml. 

Growth Studies—-The testing procedure, employing F. coli strain 9725, 
was identical with that previously reported (2). The compounds were 
added aseptically to previously sterilized basal medium, and growth was 
determined by turbidity measurement with an instrument similar to that 
described by Williams et al. (7) in which distilled water reads 0 and an 
opaque object reads 100. 
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RESULTS AND DISCUSSION 


Table I shows that growth of F. coli is completely inhibited with 8-2- 
thienylalanine at a level of ly per 5 ml. Reversal of the toxicity of 8-2- 
thienylalanine (3 y per 5 ml.) is accomplished with phenylalanine (10 y per 
5 ml.). However, even high levels of B-alanylphenylalanine, carnosine, 
histidine, or 8-alanine were not utilized in reversing the effect of 6-2- 
thienylalanine. 


TaBLe I 
Effect of Phenylalanine, B-Alanylphenylalanine, Histidine, B-Alanine, and Carnosine 
upon Toxicity of B-2-Thienylalanine 
Test organism, &. coli 9723, incubated for 14 hours at 37°. 


Supplementst 
B-2-Thienylalanine Amount of supplement*, None | PA | B-APA | Hist | Car | ®B-A 
Galvanometer readingst 
y per 5 ml. unils per 
0 65 
0.3 55 
1 1 
3 0 4 1 0 0 0 
3 1 15 
3 3 55 
3 10 64 
3 100 2 1 0 0 
3 300 0 0 ] 0 
3 1000 1 1 1 


* 1 unit of PA and 6-APA contains the equivalent of 1 y of pL-phenylalanine, and 
1 unit of Hist and Car contains the equivalent of 1 y of L-histidine. 

Abbreviations: PA, pL-phenylalanine; 6-APA, 8-alanyl-pL-phenylalanine; Hist, 
L-histidine; Car, L-carnosine; 8-alanine. 

t A measure of culture turbidity; distilled water reads 0 and an opaque object 
reads 100. 


Table Il shows that 8-alanyl-8-2-thienylalanine causes appreciable 
inhibition of growth at a concentration of 10 units per 5 ml., although 
complete inhibition with this peptide does not occur even at 100 units per 
5 ml. Phenylalanine and glycylphenylalanine were similar in reversing 
the toxicity of 8-alanyl-8-2-thienylalanine non-competitively. 6-Alanyl- 
phenylalanine was utilized competitively over a wide range of concentra- 
tion in ,the reversal of 6-alanyl-8-2-thienylalanine, giving an inhibition 
index' of about 30. Utilization of carnosine appeared to be competitive 


The inhibition index is the ratio of inhibitor (6-alanyl-8-2-thienylalanine) to 
substrate (3-@lanylphenylalanine or carnosine) required for a defined inhibition (11). 


| 


TaBLeE II 

Effect of Phenylalanine, B-Alanylphenylalanine, Glycylphenylalanine, Histidine, Car- 
nosine, and B-Alanine upon Tozicity of B-Alanyl-B-2-thienylalanine 

Test organism, EF. coli 9723, incubated for 14 hours at 37°. 


Supplementsf 
3-2- 
p-ATA None | Hist | PA | GPA | Car | p-At 
3-2- Galvanometer readings§$ 
units per 5 ml. unils per 5 ml. 
0 64 
} | 3 48 
sine 10 25 
30 17 
100 17 
30 0 16 
30 30 16 
— 30 100 16 
A 30 300 17 
ee 0 3 64 64 
es 10 3 30 | 25 
30 3 25 20 
100 3 23 17 
0 10 64 66 68 
10 10 62 
) 30 10 38 41 
100 10 40 39 26 
300 10 40 33 20 
3,000 10 37 | 34 
} 0 | 30 64 67 67 65 64 
| 30. 30 58 | 37 | 16 
1000 30 63 | 55 | 46 | 23 | 14 
ra 300 30 61 | 55 | 34 | 20 | 10 
ind 1,000 | 30 62 55 19 
10,000 | 30 57 55 
ist, 0 | 100 68 | 67 | 62 | 63 
30 100 60 14 19 
ect 100 100 35 10 17 
300 100 57 21 ll 
1,000 100 28 | 13 
3,000 100 19 
h 0 300 68 67 64 63 
8 30 300 16 | 22 
yer 100 300 44 14 19 
ng 300 300 30 11 
yl- 1,000 300 46 | 16 
ae 3,000 300 37 
10,000 300 13 
we 0 1,000 67 
ive 100 1,000 58 
- 300 1,000 27 
1). 1,000 1,000 17 
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TABLE II—Continued 


* 1 unit of 8-ATA contains the equivalent of 1 y of 8-2-thienyl-pL-alanine, 1 unit 
of B-APA, GPA, and PA contains the equivalent of 1 y of pL-phenylalanine, and | 
unit of Car and Hist contains the equivalent of 1 y of L-histidine. 

t Abbreviations: GPA, glycyl-pL-phenylalanine; 8-ATA, 
alanine; PA, put-phenylalanine; Hist, L-histidine; Car, L-carnosine; 8-alanine. 

Separate experiments. 

§ A measure of culture turbidity; distilled water reads 0 and an opaque object 


reads 100. 


at lower concentrations of B-alanyl-8-2-thienylalanine, but, as the concen- 
tration increased, the inhibition index changed from a value of about 3 to 
a value of 1. Neither free 6-alanine, histidine, nor an equimolar mixturle 
of 8-alanine and histidine showed any reversal of the toxicity of B-alany- | 
6-2-thienylalanine. 

Failure of 6-alanylphenylalanine to reverse the toxicity of thienyl- 
alanine is in contrast to the behavior of other peptides of phenylalanine 
such as glycylphenylalanine, leucylphenylalanine, and alanylphenylalanine, 
which reversed thienylalanine non-competitively (2). It can be seen 
from Table I that as little as | y of phenylalanine stimulates some growth 
in the presence of 3 y of thienylalanine. Since 1000 units of B-alanyl- — 
phenylalanine did not stimulate any growth in the presence of 3 y of 
thienylalanine, it appears that the proteolytic enzymes of F. coli, under 
the testing conditions, do not hydrolyze the 6-alanylpeptide to any signifi- 
cant amount. 

Resting cell experiments were conducted to determine the ability of © 
non-growing £2. coli to hydrolyze B-alanyl peptides as compared with a 
glycyl peptide. Fig. 1 consists of a drawing of a typical chromatogram 
showing the failure of /. coli to split the B-alanyl peptides. After an 
incubation period of 2 hours there was no detectable spot for phenyl- 
alanine, 6-2-thienylalanine, histidine, or 8-alanine from the corresponding 
6-alanyl peptides; in contrast, there were definite 8-2-thienylalanine and 
glycine spots after only | hour from the start of the hydrolysis of glycyl- 
6-2-thienylalanine. After 4 hours there appeared a faint 6-alanine spot 
from carnosine, but there was still no evidence of phenylalanine or 8-2- 
thienylalanine from the 6-alanyl peptides. It seems obvious that the 
B-alanyl peptides, if hydrolyzed at all by FE. coli, are hydrolyzed at a much 
slower rate than the glycyl peptides. 

Since histidine and $-alanine, separately or in mixture, are not as effec- 
tive as 6-alanylhistidine in nullifying the toxicity of 6-alanyl-8-2-thienyl- 
alanine, and since #-alanylphenylalanine reverses $-alanyl-8-2-thienyl- 
alanine, it appears that the competitive relationships observed represent 
reactions of the peptides as such rather than the constituent amino acids. 


| 


unit 
nd | 


-DL- 
ne. 


F. W. DUNN 581 


Such a behavior is in keeping with previous observations that peptides 
seem to have a metabolic function independent of prior conversion to the 
free amino acids (2, 8-10). 


The author wishes to acknowledge the excellent assistance of Mrs. 
Nancy Sloan and Mr. Jack Davis in the chemical phase of this work and 
Miss Sara Spikes in the microbiological assay studies. 


SUMMARY 


Preparation is described for B-alanyl-8-2-thienyl-pL-alanine and a num- 
ber of intermediates employed in its synthesis. Growth studies employing 
Escherichia coli strain 9723 showed that this peptide was less toxic than 
§-2-thienylalanine, and that the toxicity was reversed non-competitively 
by phenylalanine and glycylphenylalanine. The toxicity of 6-alanyl-6-2- 
thienylalanine was reversed in a fairly competitive way by the structurally 
similar carnosine and B-alanylphenylalanine. Histidine, B-alanine, carno- 
sine, and B-alanylphenylalanine failed to nullify the toxicity of 6-2-thienyl- 
alanine; histidine, B-alanine, and an equimolar mixture of histidine and 
8-alanine failed to nullify the toxicity of B-alanyl-8-2-thienylalanine. The 
results suggest that the peptides of 8-alanine are utilized in some manner 
without prior conversion to the constituent amino acids. 
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ISOLATION OF STEROIDS FROM A FEMINIZING 
ADRENAL CARCINOMA* 


By HILTON A. SALHANICK?# ann DAVID L. BERLINER 


(From the Department of Obstetrics and Gynecology, University of Utah 
College of Medicine, Salt Lake City, Utah) 


(Received for publication, October 24, 1956) 


The feminizing tumor of the adrenal gland occurs rarely in the male and 
is characterized clinically by gynecomastia, impotence, atrophy of the 
testes, and an increased excretion of estrogenic substances. In a recent 
review of the literature, Wallach et al. (1) found that only twenty-two 
cases had been reported. From the urine of several of these, a number of 
substances related to dehydroepiandrosterone were isolated, but until the 
recent work of Landau et al. (2), and Diczfalusy and Luft (3), the estrogenic 
steroids had not been identified. These workers found increased quantities 
of estradiol, estrone, and estriol, as well as pregnanediol, in the urine of 
their subjects. 

While the urinary steroids might be assumed to reflect the secretion of 
the adrenal tumor, the degradative action of the liver and other tissues 
must be considered. The tissue analysis, therefore, was undertaken to 
study directly the precursors of the urinary products. This investigation 
resulted in the isolation of several steroids new to the human and con- 
tributed a possible method of the diagnosis of this tumor. 


Materials and Methods 


Tumor—The tumor weighing 920 gm. was removed from the area of 
the left adrenalof a 22 year-old male patient of the Salt Lake City Veterans 
Hospital. A detailed discussion of clinical and other laboratory findings 
is published by Wallach et al. (1). Pathological examination by Dr. 
Oscar Rambo, Salt Lake City Veterans Hospital, and confirmed by the 
United States Armed Forces Institute of Pathology, revealed an adrenal 
carcinoma of the estrogen-secreting type, characterized by anaplasia, 
capsular vein invasion, and cords of cells strikingly ‘“‘similar to those seen 
in granulosa cell tumors of the ovary.” 

Laboratory Methods—Al\ solvents were purified by standard procedures 


* This investigation was supported by a research grant, No. G-3843(C), from the 
National Institute of Arthritis and Metabolic Diseases of the National Institutes of 
Health, Public Health Service. 

+ Present address, Department of Obstetrics and Gynecology, University of Ne- 
braska College of Medicine, Omaha 5, Nebraska. 
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(4) and by distillation prior to use. All evaporations involving more 
than 10 ml. were carried out in vacuo. When quantities less than 10 ml. 
were to be evaporated, the solvent was blown off by a fine jet of nitrogen. 
Acetylation was carried out in pyridine and acetic anhydride (1:3) at 
room temperature. The Zimmermann reaction for the estimation of 
17-ketosteroids was the routine clinical procedure in which m-dinitro- 
benzene in 2.5 N KOH in ethanol was employed. 

Extraction of Tumor—The portion of the tumor which was extracted 
chemically weighed 523 gm. The frozen tissue was homogenized in a 
Waring blendor and extracted three times with a total of 4 liters of acetone 
at 50°. Two fractions were obtained: the aqueous acetone fraction which 


TABLE I 
Chromatography of Acetone Extract on Silica Gel 


| Solvent | Volume Comment 
mil, még. 

] Hexane 100 Discarded 
2 Hexane-benzene, 3:1 | 100 1 | - 
3 1:1 100 19 
4 Benzene 100 25 Progesterone 
5 Benzene-CHCl;, 3:1 100 Nothing isolated 
6 1:1 | 100 
7 CHCl; — 200 1 | Estrogens, other steroids 
1:1 200 1 | Nothing isolated 
9 CH;OH | 250 


was evaporated in vacuo and the protein residue which was hydrolyzed 
with 1 liter of 5 per cent NaOH for 2 days at room temperature. 

Acetone Fraction—The aqueous residue from the acetone fraction was 
extracted quantitatively with chloroform. After the chloroform was 
removed in vacuo, the fatty residue was partitioned between hexane, 
which was discarded, and 75 per cent methanol, which was concentrated 
in vacuo. The aqueous residue from the methanol was extracted with 
chloroform and dried for column chromatography. The final weight of 
the yellow oil was 670 mg. 

Column Chromatography—tThe silica gel (100 to 130 mesh) was washed 
extensively with acetone and ether and activated by heating overnight 
at 100°. A column 2 X 12 cm. in dimension was prepared with 17 gm. 
of silica gel in a hexane slurry. The oil was placed at the surface by 
dissolving it in a small amount of chloroform-hexane solution, and the 


flask was rinsed many times with subsequent eluent solutions. ‘The | 


details of the solvent system and residues are shown in Table I. Only 


| 


| 
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the benzene fraction (Fraction 4) and the chloroform fraction (Fraction 7) 
yielded identifiable steroids. 

Reextraction of Tumor Residue after Alkali Hydrolysis—It is often diffi- 
cult to extract steroids from crude tissue, and whether this is a reflection 
of “protein binding” or inadequate mechanical procedures is difficult to 
demonstrate. However, it is known that alkali digestion renders the ma- 
terial readily extractable with ether (5). It is often not desirable for a 
first step because of the degradative action of the alkali on the steroids. 
Progesterone and many estrogenic compounds, however, are stable to 
alkali, and for this reason the protein residue was hydrolyzed in 1 liter of 
5 per cent NaOH for 48 hours at room temperature, extracted with ether 
at pH 10, and again extracted after acidification to pH 3. The dried resi- 
dues of the individual extractions were not large; therefore, they were 
pooled, dissolved in ethyl acetate, and washed with saturated Na2CO; at 
pH 9 according to the method of Brown (6). The extract was further 
purified by partition between hexane and 75 per cent methanol. The 
final pale yellow oil weighed 260 mg. 

Paper Chromatography—lIsolation of the individual steroids was ac- 
complished by paper chromatography by the methods of Zaffaroni (7). 
Preliminary chromatography in the heptane-formamide system resolved 
the oil from the alkali digest into two gross components which were visible 
under an ultraviolet light scanner. The area at the origin was the source 
of the more polar steroids, and the area near the front yielded progesterone. 

Criteria for Identification—The criteria for satisfactory identification of 
steroid structure are subject to controversy and are discussed in detail 
elsewhere (8). An Rr by itself carries little weight regardless of the num- 
ber of times the chromatogram has been run. A single maximum in the 
ultraviolet absorption spectrum may often verify the presence of a group- 
ing, but, when several peaks are obtained, the evidence for total structure 
is better. It is even more reliable if it can be shown that the coefficients 
of absorption (Fmax) of the various maxima agree with the corresponding 
values of the authentic compound. In our experience, the sulfuric acid 
spectrum (9) is extremely reliable if several maxima are obtained, and the 
extinction coefficients of the maxima (/,,x) are compared with those of 
the known compound. The infrared spectrum has unique value, but re- 
quires purity and quantities greater than were available from these ex- 
tracts. In most cases we have attempted to make at least one derivative 
and preferably two. 


Results 


Progesterone—Progesterone was isolated and characterized both from 
the acetone extract and from the alkali digest. Fraction 4 from the silica 
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gel column was chromatographed on paper in the hexane-formamide sys- | | 
tem as was the progesterone area of the paper chromatogram of the pro- © | 
tein digest residue. Both gave FR, values identical to those of a simul- 
taneously run control on three separate occasions. By spectrophotometric | 
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Fig. 1. Ultraviolet spectra of the isolated phenolic steroids and authentie com- 


parison substances in methanol. 
Fic. 2. Chromogen spectra of isolated phenolic steroids and authentic compari- 


son substances in sulfuric acid. 


analysis both had maxima at 240 muy, and the yields were 75 y from the 
acetone extract and 400 y from the hydrolysate. They were combined, 
and final identification was established by spectrophotometric analysis in 
fuming sulfuric acid and by infrared analysis. In both procedures the 
spectra were compatible with those of authentic progesterone. 
Equilenin—Fraction 7 from the silica gel column (Table I) and the ori- 
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gin of the paper chromatogram of the alkaline extract were chromato- 
graphed in the benzene-formamide system for 20 hours. The mobility of 
this compound was identical to that of authentic equilenin. Spectroscopic 
absorption was maximal at 235, 280, and 340 mu (Fig. 1, A). Both the 
absorption maxima and the ratios of the extinction coefficients (Emax) at 
the maxima were equivalent to those of authentic equilenin. The test 
for the 3 ,5-unsubstituted hydroxyphenol group with Millon’s reagent was 
positive (10). The Zimmermann reaction for the 17-ketone was positive, 
and the Zaffaroni chromogen (9) (Fig. 2, A) gave maxima at 230, 300, 320, 
400, and 472 muy, identical both in maxima and Eyjax with those of authentic 
equilenin. In concentrated sulfuric acid a green fluorescence was ob- 
served under long wave ultraviolet light similar to that obtained with au- 


TABLE II 
Substances Isolated from 523 Gm. of Feminizing Adrenal Carcinoma 


Products isolated Acetone extract of tumor 
Y 
| | 50 


thentic equilenin. From these data it was inferred that the compound was 
equilenin (Fig. 1, A). The total amount isolated was 327 y. 

Compound AAE-I-B1 (Structure Not Identified)—Isolated from both 
acetone and alkaline extracts, this compound was slightly more polar than 
equilenin and at first appeared to be similar to 6-dehydroestradiol. It 
was overrun for 6 hours in benzene-formamide and traveled 9.5 cm. identi- 
cally with authentic 6-dehydroestradiol. The Millon test was positive. 
An acetate was formed, and this derivative had an R, of 0.15, whereas the 
acetate of 6-dehydroestradiol did not move from the origin in this amount 
of time. The absorption maxima in methanol were seen at 220, 255, and 
310 mu as compared to those of 6-dehydroestradiol which occurred at 
225, 260, and 305 mu (Fig. 1, B). The Finax ratios at those wave lengths 
were not comparable. The sulfuric acid chromogen yielded a sharp ab- 
sorption maximum at 300 and a shoulder at 355 my (lig. 2, B). This 
confirmed the difference from 6-dehydroestradiol which gave sharp peaks 
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at 295, 370, 430, and 460 mu (Fig. 2, B). (The precariousness of deduce. 
ing structure by ultraviolet absorption and FR, is reemphasized by the 
study of this compound.) Temporarily we postulate from Woodward's 
rule (11) an additional conjugated double bond either endocyclic or exo- 
cyclic to the B ring, but we cannot define the remainder of the structure, 
The total amount isolated was 389 y. 


Other Substances—No substance isolated reacted positively with tri-~ 
phenyltetrazolium chloride. Consequently, there was no evidence for the — 
presence of the a-ketol side chain characteristic of the normal adrenal hor- | 


mones. A search for the expected phenolic estrogens failed to reveal the 
presence of estradiol, estrone, or estriol. Other substances which were 
found but not identified are presented in Tables II and III in order of 


TaBLeE III 
Substances Isolated but Not Identified 

mu mu 
AAE-I-Bl + — 220, 255, 310 300, 355 
AAE-I-Al + + 242, 260, 295 240, 265, 330 
AAE-I-A2 — 240, 300-325* 385 
AAEF-I-Cl 240 
AAE-I-C2 240 280, 370, 435 
AAE-I-D _ 240 

* Plateau. 


decreasing polarity. Thus, AAE-I-Al and AAE-I-A2 were slightly less 
polar than estriol and presumably were phenolic substances. Substance 


AAE-I-D was slightly less polar than testosterone, but more polar than 


4-androstene-3 , 17-dione. 


DISCUSSION 


The previously published advantages of hydrolysis with sodium hy- 
droxide prior to the extraction of steroids are reaffirmed in this work (5). _ 


While it would be difficult to postulate the cohesiveness of the steroid-pro- 


oid more extractable. Thus, the alkaline digestion of the acetone residue 
yielded 5 to 10 times more of each of the steroids than was obtained by 


acetone extraction, even though the acetone mixture was heated to about — 


50° (Table IT). 


It is impossible to interpret our results on the basis of other workers’ | 
findings. Only about 2 dozen cases of “feminizing tumors” have been | 
reported, and there is so much variation clinically, pathologically, and in 


tein “binding,” certainly, the hydrolysis of the protein rendered the ster- 
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the urinary steroid analyses that comparison is not profitable. However, 
to our knowledge, this is the only feminizing tumor tissue from which 
steroids have been characterized and the only isolation of equilenin from a 
human source (12). 

Equilenin was not the only unusual phenolic substance isolated, for 
analysis of compound AAE-I-B1 would certainly indicate a substance with 


-| a phenolic A ring and additional conjugated unsaturation. It could not 


be determined whether this unsaturation were endocyclic in the B ring or 


-  exocyclic, but the Rr would tend to support the former concept. This 
- substance was neither 6-dehydroestradiol nor dihydroequilenin. The im- 
plication of finding equilenin and this substance in the human is that they 


are at least quantitatively unique to this malignancy and reflect either an 
aberrant aromatizing enzyme system or an overly active one. On the 
other hand, at least three different groups have found one or all three of 
the usual phenolic estrogens in the urine of their patients with feminizing 
tumors (2, 3), and Mason and Kepler (13) found estrone in the urine of a 
patient with adrenocortical hyperplasia. 

Progesterone was the substance isolated in greatest quantity from the 
tumor. The amount isolated was as much as was found in term placenta 
(1 mg. per kilo), but less than was found in sow ovaries (15 mg. per kilo) 
(14). The normal ox adrenal, on the other hand, has been reported to 
contain 0.5 mg. per kilo (15). Whether progesterone is present in the role 
of a precursor to the estrogens and other steroids (16-21) or whether the 
estrogens and progesterone are synthesized from common or different 
precursors is a consideration beyond the scope of this report. However, 
it is of interest that one is rarely found without the other. 

On a clinical level, the isolation of progesterone is interesting because its 
presence in so many secretory tumors is reflected by increased levels of 
pregnane-3a,20a-diol in the urine. Since this tumor occurs most often 
in males (1), who normally have low urinary levels of pregnanediol, the 
presence of increased amounts of the latter substance should certainly 
arouse clinical suspicion of endocrine malignancy. ‘Thus, to cite a few 
examples, Landau et al. (2) found elevated levels of pregnanediol in the 
urine of their patient, and Twombly (22) emphasizes the excretion of preg- 
nanediol in cases of secretory ovarian tumors. If progesterone is a pre- 
cursor to other steroids, its diagnostic role in cases of secretory tumors of the 
gonads and adrenals and their functional metastases deserves further in- 
vestigation. 


SUMMARY 


Steroids were extracted and identified from a feminizing adrenal carci- 
noma. Preliminary hydrolysis of the tissue with sodium hydroxide was 
found to be 5 to 10 times more effective than extraction with warm acetone. 
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Progesterone and equilenin were isolated and identified; six other steroids 
were studied, but their structures could not be elucidated. There is evi- 
dence, however, for the presence of phenolic groups and other conjugated 
unsaturation in the molecule. 

It is suggested that urinary study of pregnanediol and equilenin-like 
steroids would be of diagnostic value in patients suspected to have secre- 
tory tumors of this type. The significance of the findings in relation to 
endocrine tumors and their function is briefly discussed. 


The authors wish to express their appreciation to Dr. Harold Brown and 
Dr. Stanley Wallach for the tumor and clinical information associated 
with this case, to Dr. Oscar N. Rambo for permission to quote his patho- 
logical report, to Dr. George Fujimoto for his cooperation with the infra- 
red analyses, and to Dr. EK. G. Holmstrom for his support and interest in 
this investigation. 
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RIBONUCLEASE 


VI. PARTIAL PURIFICATION AND CHARACTERIZATION OF THE 
RIBONUCLEASES OF RAT LIVER MITOCHONDRIA* 


By JAY 8S. ROTH 
With THE TECHNICAL ASSISTANCE OF LAURA INGLIS AND DorotHy BACHMURSKI 


(From the William Goldman Isotope Laboratory, Division of Biological Chemistry, 
Hahnemann Medical College, Philadelphia, Pennsylvania) 


(Received for publication, December 17, 1956) 


The problem of the mechanism of the synthesis of RNA! is of impor- 
tance in obtaining an understanding of the fundamental chemistry in- 
volved in growth and cell division. The recent demonstration by Grun- 
berg-Manago and coworkers (2, 3) that enzymes obtained from certain 
bacteria are able to synthesize and degrade RNA-like compounds has 
given added impetus to the study of enzymes related to RNA metabolism. 
One of these enzymes that has been intensively investigated is pancreatic 
RNase, and the properties, action, and structure of the crystalline enzyme 
are moderately well known (4-6). There is considerable evidence that 
RNases which may differ from pancreatic RNase exist in certain cells 
(7-10). In rat liver, the presence of two RNases has been demonstrated 
(11, 12); the one active maximally at pH 7.8 to 8.0 (alkaline RNase) ap- 
pears to be similar to, or possibly identical with, crystalline pancreatic 
RNase, whereas the second, active maximally at pH 5.8 to 6.0 (acid 
RNase), is quite different in its properties. Since either, or both, of these 
enzymes may be normally involved in the synthesis or degradation of 
RNA in the mammalian cell, it is of considerable interest to isolate them 
and to study their properties, particularly in comparison to pancreatic 
RNase. This report describes a separation and partial purification of 
acid and alkaline RNases of rat liver mitochondria and some of the proper- 
ties of the purified preparations. 


Materials and Methods 


Preparation of Mitochondria—Wistar strain rats weighing between 200 
and 350 gm. were used to provide the tissues. After etherization, the 


* This research has been supported by grants from the Damon Runyon Memorial 
Fund, No. DRG-320 A, the American Cancer Society, No. BCH-45 A, and the Na- 
tional Institutes of Health, No. C-2312(C2). A portion of this material was presented 
at the meeting of the Federated Societies for kxperimental Biology at Atlantie City, 
New Jersey, April, 1956. For other papers in this series see Roth (1). 

1 The abbreviations used are: RNA, ribonucleic acid; RNase, ribonuclease; ABC 
buffer, acetate, borate, cacodylate buffer; CMB, p-chloromercuribenzoate. 


591 


ids 
V1- 
ed 
e- 
| 
id 

d 
l. 


592 RIBONUCLEASE. VI 


animals were exsanguinated and the livers removed and rinsed in ice-cold 
0.25 m sucrose solution. Usually two livers were combined and homog- 
enized in 9 volumes of 0.25 M sucrose solution with use of a close fitting 
Ten Broeck homogenizer. The total weight of liver used was generally 
between 10 and 14 gm. Mitochondria were prepared from the homog- 
enate by standard techniques according to the method of Hogeboom et al. 
(13), as modified by Schneider and Hogeboom (14), washed once with 
0.25 m sucrose solution, and drained by inversion of the centrifuge tubes. 
The mitochondrial pellets were then made up to 100 ml. in glass-distilled 
water. These operations and all subsequent ones were carried out below 
4°. 

Enzyme Assays—These were carried out as previously described (15) 
with use of yeast RNA, uniformly labeled with P® as substrate.2 Unless 
otherwise noted, the enzyme activities are expressed in terms of mg. of 
acid-soluble phosphorus split per mg. of N per hour. Nitrogen determina- 
tions were performed by the micro-Kjeldahl method. When ammonium 
sulfate was likely to interfere with N determination, the protein concen- 
tration was estimated by the procedure of Warburg and Christian (17) 
and also by a modified biuret reaction. Veronal-acetate buffers were 
prepared according to Michaelis (18), sodium chloride being omitted. 
ABC buffer was prepared by the method of de Duve et al. (19); sodium 
deoxycholate solution was prepared fresh each week. Crystalline pan- 
creatic RNase was obtained from the Worthington Biochemical Corpo- 
ration, Freehold, New Jersey, and all concentrations of this enzyme were 
made up in 0.1 per cent gelatin solution. 


Results 


Effect of Buffers on Enzyme Activity; Selection of Buffer System—Because 
of several reports of the considerable influence of various salts and buffers 
on the activity of pancreatic RNase (20-22), it was deemed advisable to 
compare the action of several common buffers on RNase preparations in 
order to select the one most suitable for studies on both alkaline and acid 
RNase. Six different buffers were utilized and each was tested with 


2 It has been stated (16) that the assay method employed in this paper ‘‘involving 
measurement of the dialyzable P* liberated is heavily dependent upon absolute 
uniformity of labeled PNA preparations made available.’”’ Actually, the method 
which measures the liberation of P*? soluble in 1 nN HCl in 76 per cent ethanol does not 
involve dialysis. With a wide variety of labeled yeast preparations, differing in the 
extent of the labeling and slightly in chemical composition, it has been repeatedly 
demonstrated that assay of the same enzyme preparation with different substrates 
has resulted in values for activities differing by not more than the error of the method 
(+5 per cent) when conversion of radioactivities to mg. of P split per hour per mg. 
of N has been made as previously described (15). 
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liver homogenate, separated mitochondria, and crystalline pancreatic 
RNase. The results are depicted in Table I. It is apparent that the 
choice of a buffer is extremely important, for a very large range of activity 
is obtained, depending on the buffer utilized. Edelhoch and Coleman 
(22) have shown that the activity of crystalline pancreatic RNase is greatly 
influenced by ionic strength, and it is possible that some of the differences 
in Table I are due to differences in ionic strength of the buffers used. 

With alkaline RNase, phosphate is strongly inhibitory in the case of 
homogenate and mitochondria. With homogenate, the difference between 


TABLE I 
Effect of Buffers on Various Ribonuclease Preparations 
The values are the percentages of maximal activity obtained with each prepara- 
tion and are the average of three separate experiments. 


Preparation POY ABC ‘Acetate, Tris* | Citrate 
Alkaline RNase buffer, pH 7.8, 0.2 m 
Rat liver homogenate.................. 56.0} 100) | 28.3) 71.7 
44.3 | 46.0 | 66.7 | 60.1 | 100 
Crystalline pancreatic RNase.......... | 71.5 | 60.9 | 88.4 | 65.7. 100 
Acid RNase buffer, pH 5.8, 0.1 M 
Rat liver 80.8 | 85.9 | 76.8 52.7 
| 95.7 | 90.6 | 100 89.2 69.5 
Crystalline pancreatic RNase.......... | 53.0 60.8 45.9 | 48.7 100 


* Tris(hydroxymethy]l)aminomethane. 


acetate and Veronal-acetate is particularly striking, the latter giving maxi- 
mal activity and the former only 28.3 per cent of the maximum. 

Although phosphate depresses, or gives poor activity with alkaline 
RNase, with acid RNase it gives the best response. Comparison of the 
effects of the same buffers on acid and alkaline RNases demonstrates the 
difference in response of these two enzymes and suggests that they are 
dissimilar. Citrate has a considerable activating effect on crystalline 
pancreatic RNase at pH 5.8 (and particularly in the pH range of 6.3 to 
6.8) but is somewhat inhibitory to acid RNase in mitochondria and ho- 
mogenate. The results of these experiments led to the selection of Veronal- 
acetate as the buffer of choice. With some exceptions, it gives the maxi- 
mal activity with the tested preparations. Moreover, it covers the entire 
range of pH values likely to be of interest, and is easily prepared. 


3J.S. Roth, unpublished results. 
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Extraction and Purification of Acid and Alkaline RNases of Mitochon- | 


dria—To 90 ml. of separated mitochondria preparation in distilled water 
were added 14 ml. of 1 per cent sodium deoxycholate solution. The mix- 
ture was stirred and then centrifuged at 8700 X g (average) for 20 minutes 
in a Spinco model L ultracentrifuge. Most of the mitochondrial protein, 
including the RNases, is extracted by this procedure. After centrifuga- 
tion, a small residue of granular material, overlying a waxy pellet, remains. 
The supernatant solution is slightly cloudy and straw-colored. Nearly 
complete recovery of mitochondrial RNase activity is obtained in this 
solution as may be seen by consideration of Table II. 

The deoxycholate solution is next brought to 27.5 per cent saturation 
with ammonium sulfate by addition of solid salt. The mixture is stirred 
and then centrifuged at 8700 X g for 20 minutes, and the precipitate is 
discarded. Ammonium sulfate is then added to 55 per cent saturation, 
and the resulting precipitate, which contains most of the RNase activity, 
is dissolved in a small quantity (usually 10 ml.) of ice-cold water. Most 


of the precipitate dissolves, but a small residue of insoluble material re- — 
mains. This residue is removed by centrifugation at 60,000 * g for 20 | 


minutes. The resulting solution is clear yellow to yellow-green in color. 


It is dialyzed against 1 liter of glass-distilled water in the cold for 24 hours | 


with one change of water after 16 hours. The dialysate is discarded. <A 
precipitate usually starts to form in the dialysis sac by the end of 10 hours. 
At the conclusion of the dialysis, the material in the dialysis sac (14 to 15 
ml.) is centrifuged at 60,000 X g for 20 minutes. The precipitate contains 
the alkaline RNase and is purified as described below. The supernatant 
fluid which contains acid RNase, apparently quite free from alkaline 
RNase, may be used directly in studies of the properties of acid RNase 
or may be further purified as described below. 

Purification of Alkaline RNase—The precipitate from the final centrif- 
ugation above is homogenized in a small glass homogenizer with about 5 
ml. of ice-cold 0.25 mM sulfuric acid and allowed to stand overnight in the 
refrigerator. The resulting suspension is adjusted to pH 7.0 with NaOH 
and centrifuged at 60,000 X* g for 20 minutes. The supernatant fluid, 
which is a light straw color or colorless, is the final preparation of alkaline 
RNase. 

Purification of Acid RNase—The supernatant solution prepared by 
centrifuging the material in the dialysis sac contains acid RNase and is 
referred to as acid RNase I. It is adjusted to pH 4.5 and heated at 50° 
for 5 minutes. A considerable amount of protein is coagulated by this 
treatment. The precipitate is centrifuged and discarded, and the re- 
maining solution is treated with solid ammonium sulfate to 55 per cent 
saturation. The precipitate that forms is centrifuged at 60,000 X g for 
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2) minutes, drained, and then dissolved in a small quantity of ice-cold 
water. This final preparation is referred to as acid RNase II. The 
specific activities and recoveries of the purified RNases from mitochondria 
are given in Table II, from which it may be seen that the recovery of acid 
RNase is poor, amounting to only a small fraction of that originally pres- 
ent. The purification process is not too effective, and the final prepara- 
tions of acid RNase II generally have from 3 to 5 times the specific activ- 
ity of the original mitochondrial preparation. The acid RNase appears, 
however, to be relatively free from alkaline RNase‘ as demonstrated by 


TABLE II 


Specific Activities and Recoveries of Purified Ribonucleases from 
Rat Liver Mitochondria 


Activity in mg. of acid-alcohol-soluble P split per mg. of N per hour. 


Acid RNase Alkaline RNase 
Fraction 
N per N per ml.|Recovery 
i me. per cent meg. per cent 
Homogenate..... 0.035 3.80 0.019 | 3.80 
0.193 1.05 100 | 0.124 | 1.05 100 
Deoxycholate-treated mitochondria | 0.217 | 0.82 | 100 0.140 | 0.82 97.3 


Supernatant from 27% 

0.215  0.75* | 90.2. 0.137 | 0.75* 87.3 
55% (NH,4)2SO, ppt................. 0.175 3.34* 33.7 0.190 | 3.34* 54.0 
0.25 m H.2SO,-treated alkaline RNase. 21.0 0.023 24.8 
Acid RNase I......................| 0.206 | 0.73 | 12.2 


* Calculated from protein content determined by the biuret method. Other N 
determinations are by the micro-Kjeldahl method. 


subsequent experiments on the effects of heating and pH on enzyme activ- 
ity. The recovery of alkaline RNase is considerably better, amounting 
to approximately 25 per cent of that originally present in the mitochondria, 
and the purification is more effective. Very little nitrogen remains in the 
preparation of alkaline RNase and there does not appear to be any acid 
RNase activity present. Early attempts to separate acid and alkaline 
RNases by means of ammonium sulfate precipitation were not successful. 
In Table III are listed the results of an experiment in which the recoveries 
of acid and alkaline RNases were determined after precipitation from 


4 Part of the difficulty in estimating the efficiency of the separation lies in the fact 
that alkaline RNase retains considerable activity when measured at pH 5.8 to 6.0, 
whereas acid RNase likewise retains a portion of its activity when assayed at pH 
7.8 (see Fig. 1). 
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deoxycholate solution with various concentrations of ammonium sulfate. 
Consideration of the data in Table III indicates that the two enzymes 
respond somewhat differently to precipitation with ammonium sulfate, 
but at none of the concentrations employed was the separation promising. 


TaBLeE III 


Recovery of Ribonuclease Activity after Precipitation from Deoxycholate Solution by 
Ammonium Sulfate 


Per cent recovery of original activity 
Per cent saturation with (NH4)2SO,4 — 


Acid RNase Alkaline RNase 
25 2.5 12.9 
35 15.5 31.4 
45 58.5 75.0 
5D 108.0 99.0 
65 127.0 94.0 
100 F 


oO 


Rese 


N 


-PERCENTof MAXIMUM ACT. 


40 5.0 60 70 60 5.0 60 720 60 
PH 
Fic. 1. The effect of pH on the activity of purified preparations of acid (A) and 
alkaline (B) RNase of rat liver mitochondria. Veronal-acetate buffer. For experi- 
mental details consult the text. 


It is possible, nevertheless, that salt precipitation under different pH con- 
ditions might be effective. 

Effect of pH on Activities of Purified RNases—Aliquots of purified 
acid and alkaline RNases were assayed with use of Veronal-acetate buffers 
at pH values ranging from 4.2 to 8.4. Fig. 1 illustrates the results of 
a typical experiment. Examination of the pH-activity curves indicates 
that the preparations of the enzymes are relatively free from the other 
RNase. The curve for alkaline RNase (Fig. 1, B) shows no evidence at 


nd 
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all for the presence of the acid enzyme. In the curve for acid RNase 
(Fig. 1, A) the small hump at pH 7.6 suggests that there may be some 
alkaline RNase present, but from the relative size of this hump, in com- 
parison to that of the acid RNase peak, the amount of the alkaline RNase 
present is certainly no more than 5 per cent of the total activity. The 
curves in Fig. 1 are of additional interest in that they allow an estimate 
to be made of the RNase activity of the acid and alkaline enzymes at the 
optimum pH of the other. Thus acid RNase at pH 7.8 retains about 30 
per cent of its maximal activity measured at pH 6.0, whereas, at pH 5.8, 
alkaline RNase still exhibits about 50 per cent of its maximal activity 


| 2A 28 
= 100} 4 . 
80} 
sol | 
5 
40} 
° 
3 20 
C acid RNase alkaline RNase 
Qa 


35.45. «55 65 45.55 65 
TEMPERATURE °C 
Fic. 2. The heat stability of purified acid (A) and alkaline (B) RNase of rat liver 


mitochondria. Preparations heated at pH 5 (@) or 7.0 (O) for 5 minutes. For 
experimental details consult the text. 


measured at pH 7.6. The optimal pH of purified rat liver mitochondrial 
alkaline RNase appears to be slightly lower than that of crystalline pan- 
creatic RNase, and the activity of the former enzyme is greater than that 
of the latter when measured at pH 5.8. Whether these differences indicate 
a significant difference between rat liver alkaline RNase and crystalline 
pancreatic RNase cannot be assessed at the present time. 

Heat Stability of Acid and Alkaline RNase—Purified preparations of 
acid and alkaline RNases were divided into two portions which were 
adjusted to pH 7.0 and 5.0, respectively, by the addition of small quanti- 
ties of NaOH and HCl. Aliquots of the resulting solutions were heated 
for 5 minutes at various temperatures and then cooled in ice. The heated 
enzymes were then assayed by standard procedures and compared to an 
unheated control sample kept in ice. The results of a typical experiment 
are shown in Fig. 2. The marked difference in heat stability of the two 
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enzymes is apparent. No detectable change was observed in the activity 
of alkaline RNase heated at pH 5.0, but there was a slight decline in ac- 
tivity when the enzyme was heated at pH 7.0. This behavior is similar 
to that of crystalline pancreatic RNase (23). Acid RNase, when heated 
at pH 5.0, was much more stable than when heated at pH 7.0. In both 
cases, however, activity was completely destroyed by heating for 5 minutes 
at 70°. The curves in Fig. 2 offer further evidence for the purity of the 
preparations. If alkaline RNase contained any significant amount of 
acid RNase, then heating at pH 5.0 and 70° should lead to a decrease in 
enzyme activity due to destruction of acid RNase. Similarly, if acid 
RNase contained significant amounts of alkaline RNase, then heating at 
pH 5.0 and 70° should leave a residue of activity due to stable alkaline 
RNase. The fact that neither of these effects was observed may be inter- 
preted as indicating that each preparation is relatively free of the other 
enzyme. 

Action of 0.25 mM Sulfuric Acid on RNases and Cell Fractions—The 
Kunitz preparation of crystalline pancreatic RNase makes use of the 
extraction of tissue with ice-cold 0.25 Nn sulfuric acid for 24 hours or longer 
(24). Pirotte and Desreux (25) treated guinea pig liver homogenates 
with sulfuric acid and compared the activity of the fractions obtained 
subsequently with untreated fractions prepared in 0.88 M sucrose solution. 
In all cases, the untreated fraction (nuclei, mitochondria, microsomes, 
and supernatant) had only 5 to 14 per cent of the activity of the treated 
fraction. On the other hand, Rabinovitch (26) found no change in the 
activity of a pancreas homogenate treated with 0.15 N sulfuric acid. It 
appears that no careful study has been made of the effect of acid on acid 
and alkaline RNase activity of cell fractions or of purified RNase prepa- 
rations. Since acid is used in the preparation of crystalline pancreatic 
RNase and in the purification procedure for alkaline RNase in this report, 
its effect on the RNase activity of various cell constituents is of interest. 

A 1:10 rat liver homogenate in 0.25 m sucrose solution was prepared, 
and nuclear, mitochondrial, microsomal, and supernatant fractions were 
isolated. The nuclear fraction consisted simply of the material separated 
by centrifugation of the original homogenate at 650 X g for 10 minutes, 
and undoubtedly contained some partially broken cells, as well as contam- 
inating material from the other fractions. Aliquots of the various frac- 
tions were treated with 0.25 m sulfuric acid for 16 to 18 hours at 0°. At 
the end of this time the acid was neutralized with NaOH to pH 7.0, and 
the resulting suspensions were centrifuged at 10,000 & g for 20 min- 
utes. The clear supernatant solutions were assayed ‘for acid and alkaline 
RNase activity. Two sets of controls consisted of identical aliquots 
treated with water or an equivalent quantity of sodium sulfate. Al] 
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solutions were made up to the same volume in preparation and analyzed 
for nitrogen content. Since there was little difference between the water- 
treated or sodium sulfate-treated fractions, results with the former have 
been omitted. A typical experiment is illustrated by the data in Tables 
IV and V. In Table IV are listed the total activities of the fractions, 
obtained by multiplying the activity per ml. by the volume of each frac- 
tion. The following points are noteworthy. Acid treatment increases 
total alkaline RNase activity approximately 10-fold. The largest part 
of this increase arises from acid treatment of the supernatant fraction. It 


TABLE IV 
Ribonuclease Activities of Rat Liver Fractions Treated with 
0.25 M H.SO, or 0.25 M NaSO, 


Total activity in mg. of acid-alcohol-soluble P split per hour. 


Alkaline RNase* Acid RNaset 
Fraction 

Na2SO«¢- H2SO,4- Na2SO4- HeSO4- 

treated treated treated treated 


* Assayed at pH 7:38. 
+ Assayed at pH 5.9. 
t Prepared from 5.35 gm. of rat liver. 


has been demonstrated (1) that large quantities of alkaline RNase are 
present in inactive form, possibly bound to a RNase inhibitor in this 
fraction: 0.25 m sulfuric acid destroys the inhibitor and releases the RNase 
activity. There is evidence, also, that nuclei may contain some inactive 
form of RNase as the increase in activity of the nuclear fraction is consid- 
erable. The alkaline RNase activities of mitochondria and microsomes 
are increased to a lesser, but significant, degree. The sum of the separate 
activities of the water- or sodium sulfate-treated fractions is considerably 
greater than the activity of the homogenate due to removal of inhibitor 
influence. 

Treatment of homogenate with 0.25 m sulfuric acid increases acid RNase 
activity about 50 per cent. Acid treatment causes a loss in acid RNase 
activity of mitochondria but this is more than compensated for by in- 
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creases in the activities of the microsomal, nuclear, and supernatant frac- 
tions. The observed increase is probably not dependent on release of 
bound or inactive acid RNase in any fraction, but more likely is com. 
pounded from several effects. First, the large increase in alkaline RNase 
activity described above would affect acid RNase measurements since 
the alkaline enzyme still exhibits about 50 per cent of its activity at pH 
5.8 to 6.0. Second, although RNase inhibitor is most effective in the pH 
range 6.8 to 8.0, it inhibits acid RNase to the extent of 30 to 40 per cent 
at pH 6.0 and its destruction by acid would result in a relative increase 
in acid RNase activity. Both of these effects would be partly offset, of 


TABLE V 
Specific Ribonuclease Activities of Rat Liver Fractions Treated 
with 0.25 M H»SO, or NaSO, 
Specific activities in mg. of acid-alcohol-soluble P split per mg. of N per hour. 


N content Specific activity 
Fraction Alkaline RNase* Acid RNaset 
| treated treated Na2SO.- H2S04- Na2SOs- 
| treated treated treated treated 
Homogenatet...... 3.07 0.38 0.01 1.08 0.06 0.78 
act | (0.18 0.03 1.09 0.06 0.80 
Mitochondria... 1.63 0.17, | 0.12 1.83 0.21 1.47 
Microsomes....... 0.70 | 0.07 | 0.13 2.83 | 0.08 1.34 
Supernatant... | 2m | 0.26 | 0.02 | 0.82 0.04 0.48 
| | | 


* Assayed at pH 7.8. 
+ Assayed at pH 5.9. 
t Prepared from 5.35 gm. of rat liver. 


course, by the destructive effect of sulfuric acid on acid RNase, since 
studies reported below with purified acid RNase indicate that at least 50 
per cent of it is destroyed by the acid treatment. 


| 


In Table V are presented the specific activities and nitrogen contents | 


of the various fractions. The specific activities of the fractions are greatly 
increased, in every instance, by acid treatment which, in addition to re- 
leasing, in some cases, additional RNase activity, also denatures and pre- 
cipitates a large percentage of the protein of the fraction. Thus, this 
one-step procedure results in an increase of 50 to 100 times in the specific 
activity of alkaline RNase of homogenate. 

Effect of 0.25 Mm HyeSOg on Purified Acid RNase and Crystalline Pancreatic 
#tNase—Treatment of a purified preparation of acid RNase (acid RNase 1) 
with 0.25 m sulfuric acid results in a decrease in acid RNase activity and 
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a corresponding increase in alkaline RNase activity. In a typical experi- 
ment, illustrated in Table VI, acid RNase and crystalline pancreatic RNase 
(0.05 mg. per ml.) were treated with 0.25 m sulfuric acid in the cold for 
18 hours. Controls were treated with equivalent amounts of sodium 
sulfate. After neutralization to pH 7.0, the solutions were assayed at 
pH 5.9 and 7.8. Aproximately 50 per cent of the activity in the acid 
RNase preparation was destroyed. However, since alkaline RNase activ- 
ity increased correspondingly in this preparation, this loss in acid RNase 
activity probably represents more than a 50 per cent destruction of the 
latter enzyme, inasmuch as a part, if not all, of the remaining activity 
at pH 5.9 may be attributed to alkaline RNase. No significant change 
was noted in the activity of acid-treated crystalline pancreatic RNase at 


TaBLeE VI 
Effect of 0.25 M H2SO,4 and 0.265 M NaSO, on Purified Acid 


Ribonuclease and Crystalline Pancreatic Ribonuclease 


Relative activity in counts per minute. 


Na2SO4-treated H2SO.-treated 
Substance 
at at Assayed at Assayed at 
pH 5.8 pH 7.8 pH 5.8 pH 7.8 
I 1179 385 651 1056 
I + CMB*......... 1434 1104 975 
Crystalline pancreatic RNase... 596 4441 550 4175 


*4 p-chloromercuribenzoic acid. 


either pH. The observed increase in alkaline RNase activity could be 
explained in any of several ways. Sulfuric acid may effect a conversion 
of acid to alkaline RNase or there may be an inactive form of alkaline 
RNase present which is activated by acid. Further information on this 
question was obtained by treatment of the acid RNase preparation with 
4 x 10-*m CMB. When this was done there was an increase in alkaline 
RNase activity similar to that observed on sulfuric acid treatment. How- 
ever, the activity of acid RNase was not affected. (The increase noted 
in Table VI may be accounted for by the increase in alkaline RNase activ- 
ity.) These data suggest that the second possibility mentioned above 
may be the correct one, since CMB has been shown to release RNase 
activity from the supernatant fraction of rat liver (1). Unlike the super- 
natant fraction, however, the acid RNase preparation had no inhibitory 
activity on crystalline pancreatic RNase. It is of interest to note that 
Schneider and Hogeboom (27) reported a 50 per cent increase in RNase 
activity (measured at pH 5.0) of sonically disrupted mitochondria. De 
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Duve and coworkers (28) also studied the distribution and properties of 
RNase in cell fractions and found that the activity of acid RNase, which 
was located primarily in their heavy and light mitochondrial fraction, 
could be increased by repeated freezing and thawing, exposure to Triton 
X-100, or water, and incubation at 37°. In view of the finding in this 
report of latent RNase activity in a preparation obtained from mitochon- 
dria, the two studies are not in conflict. One question that remains to be 
answered is, does this latent or inactive RNase actually occur as an integral 
part of the mitochondrion or does it merely represent inactive RNase 
which has been absorbed onto the particulate from the supernatant frac- 
tion? I urther experiments are necessary to answer this question. 


DISCUSSION 


The properties and distribution of the RNase system in the rat liver 
cell appear to be quite complicated, and at this time cannot be related to 
the physiological distribution of RNA. The presence of RNase in the cell 
nucleus remains in doubt. There is probably no acid RNase in this struc- 
ture in rat liver (11, 27), but there is evidence for the occurrence of a small 
quantity of alkaline RNase. The possibility that an additional amount 
of inactive RNase occurs in the nucleus has been mentioned in this paper 
and also by others (25). 

The mitochondria, although containing only a small fraction of the RNA 
of the cell, contain a large portion of the RNase activity. This activity 
is distributed between two enzymes differing markedly from one another. 
There may also be some latent RNase activity in mitochondria. 

Microsomes exhibit considerable RNase activity but they may not 
inherently contain these enzymes to any great extent in vivo, since it has 
been shown that the small particulate fractions of the cell are capable of 
binding considerable quantities of RNase (27), probably by means of the 
ribonucleoprotein. 

The soluble portion of the cell contains little RNase activity, but does 
contain a large amount of alkaline RNase in an inactive form, which may 
be released by treatment with strong acid or some sulfhydryl reagents 
(1). This inactive RNase in the supernatant fraction may be bound to a 
protein inhibitor which is not saturated with the enzyme, for it can inacti- 
vate added crystalline pancreatic RNase. | 

The presence of an RNase inhibitor in the supernatant fraction appears 
to be logical and necessary to prevent extensive degradation of ribonucleo- 
protein by the RNase of the mitochondria and possibly the microsomes. 
The RNase picture is further complicated by the existence of different 
enzymes in different tissues of the same animal. Thus, Kaplan and Hep- 
pel (29) have isolated an enzyme from calf spleen which resembles pan- 
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creatic RNase in most of its properties but has a pH optimum of 6.5. 
Also, studies on the chromatographic behavior of pancreatic RNase, as 
well as the partial degradation by specific proteases, indicate that there 
may be several different forms of the enzyme all possessing unchanged 
enzymic activity (30-32). 

In order to resolve some of the complicated questions, as yet little under- 
stood, particularly concerning the function and interactions of the RNase 
system, additional investigations on the enzymes in particulate fractions 
of liver and spleen are in progress. Further studies on the chromato- 
graphic behavior of acid and alkaline RNase of rat liver mitochondria, 
as well as their specificities and additional properties of the enzymes, will 
be reported later. 


SUMMARY 


1. Acid and alkaline ribonuclease (RNase) of rat liver mitochondria 
have been separated and partially purified by a process involving salt 
precipitation from deoxycholate solution, followed by dialysis and treat- 
ment with 0.25 m sulfuric acid. . 

2. Alkaline RNase resembles crystalline pancreatic RNase in its sta- 
bility to heat and treatment with sulfuric acid, as well as in the effects of 
salts and buffers. 

3. Acid RNase is heat-labile and unstable to treatment with 0.25 m 
sulfuric acid at 0° for 16 to 18 hours. 

4. The effect of incubating rat liver homogenate and fractions with 
0.25 m sulfuric acid at 0° for 16 to 18 hours has been studied. Large in- 
creases in the total and specific alkaline RNase activity of homogenate, 
as well as nuclear and supernatant fractions, were observed, and an explana- 
tion of these increases was discussed. 

5. The action of 0.25 m sulfuric acid on purified preparations of acid 
and alkaline RNase was investigated. 

6. The effect of various buffers on RNase activity has been reported. 


BIBLIOGRAPHY 


. Roth, J. S., Biochim. et biophys. acta, 21, 34 (1956). 

2. Grunberg-Manago, M., Ortiz, P. J., and Ochoa, 8., Biochim. et biophys. acta, 20, 
269 (1956). 

3. Grunberg-Manago, M., Bull. Soc. chim. biol., 38, 590 (1956). 

4. Schmidt, G., in Chargaff, k., and Davidson, J. N., The nucleie acids, New York, 
1, 555 (1955). 

5. MeDonald, M. R., in Colowick, 8. P., and Kaplan, N. O., Methods in enzymology, 
New York, 2, 427 (1955). 

6. Laskowski, M.,in Sumner, J. B., and Myrbick, K., The enzymes, New York, 1, 
pt. 2, 956 (1951) 

7. Bheemeswar, B., and Sreenivasaya, M., J. Sc. and Ind. Res., 12B, 529 (1953). 


3 of 
ich 
10n, 
ton 
his 
on- 
be 
rral 
ase 
‘er 
to 
uc- 
all 
Int 
yer 
ty 
er, 
ot 
as 
of 
he 
Ly 
ts 
rs 
0- 
it 
)- 


604 RIBONUCLEASE. VI 


= 


SS 


w 
— 


to 


. Muggleton, P. W., and Webb, M., Biochim. et biophys. acta, 9, 343 (1952). 
. Holden, M., and Pirie, N. W., Biochem. J., 60, 39 (1955). 
. Bernheimer, A. W., and Steele, J. M., Jr., Proc. Soc. Exp. Biol. and Med., 89, 


123 (1955). 


. Roth, J. 8., J. Biol. Chem., 208, 181 (1954). 
. de Lamirande, G., Allard, C., da Costa, H. C., and Cantero, A., Science, 119, 


351 (1954). 


. Hogeboom, G. H., Schneider, W. C., and Palade, G. E., J. Biol. Chem., 172, 619 


(1948). 


. Schneider, W. C., and Hogeboom, G. H., J. Nat. Cancer Inst., 10, 969 (1950). 

. Roth, J. 8., and Milstein, 8S. W., J. Biol. Chem., 196, 489 (1952). 

. Brown, G. B., Ann. Rev. Biochem., 22, 159 (1953). 

. Warburg, O., and Christian, W., Biochem. Z., 310, 400 (1941-42). 

. Michaelis, L., Biochem. Z., 234, 139 (1931). 

. de Duve, C., Berthet, J.,. Hers, W. G., and Dupret, L., Bull. Soc. chim. biol., 31, 


1242 (1949). 


. Dickman, 8. R., Aroskar, J. P., and Kropf, R. B., Biochim. et biophys. acta, 21, 


539 (1956). 


. Lamanna, C., and Mallette, M. F., Arch. Biochem., 24, 451 (1949). 

. Edelhoch, H., and Coleman, J., J. Biol. Chem., 219, 351 (1956). 

. MeDonald, M. R., J. Gen. Physiol., 32, 33 (1948). 

. Kunitz, M., J. Gen. Physiol., 24, 15 (1940). 

. Pirotte, M., and Desreux, V., Bull. soc. chim. Belg., 61, 157 (1952). 

. Rabinovitch, M., Proc. Soc. Exp. Biol. and Med., 85, 685 (1954). 

. Schneider, W. C., and Hogeboom, G. H., J. Biol. Chem., 198, 155 (1952). 

. de Duve, C., Pressman, B. C., Gianetto, R., Wittiaux, R., and Appelmans, F., 


Biochem. J., 60, 604 (1955). 


. Kaplan, H.S., and Heppel, L. A., J. Biol. Chem., 222, 907 (1956). 
. Kalnitsky, G., and Rogers, W. I., Biochim. et biophys. acta, 20, 378 (1956). 
. Anfinsen, C. B., Harrington, W. F., Hvidt, A., Linderstrgm-Lang, K., Ottesen, 


M., and Schellman, J., Biochim. et biophys. acta, 17, 141 (1955). 


. Hirs, C. H. W., Moore, 8., and Stein, W. H., J. Biol. Chem., 200, 493 (1953). 


(I 


8 
9 
12 
14 
16 
17 
18 a 
li 
0: 
u 
0 
0 
a 
i! 
d 
t 
e 
| 
a 
XUh 


THE TOXIC ACTION OF OXYGEN ON GLUCOSE AND 
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The experiments reported in this paper are concerned with the inhibitory 
action of oxygen at 1 atmosphere pressure on the carbohydrate metabo- 
lism of heart muscle studied in vitro. 

It has been observed by several investigators that oxygen at 1 atmosphere 
pressure may have a harmful effect on the metabolism of mammalian 
tissue in vitro or on individual enzyme systems (1-5). Dickens (6, 7) and 
Stadie and coworkers (8, 9) have studied systematically the effect of 
oxygen at elevated tension on tissue respiration and on the activity of 
various enzymes. The conclusions arrived at by the two groups of in- 
vestigators were similar: Many enzymes, particularly those dependent 
upon sulfhydryl groups for activity, are more or less easily inactivated by 
oxygen pressures of 1 atmosphere or greater and many are completely 
resistant to the toxic action of oxygen. The enzymes inactivated by oxy- 
gen in vitro usually require 1 or more hours of exposure to 1 atmosphere 
of oxygen before inhibition becomes apparent. Even at oxygen pressures 
as high as 8 atmospheres, tissue respiration in vitro is only slowly inhibited. 
It has also been a general finding that enzymes in tissue extracts or homog- 
enates are more readily inactivated than the same enzymes when present 
in the intact cells of tissue slices. For these and other reasons, it has been 
difficult to relate the effects of oxygen observed in vitro to the severe symp- 
toms of oxygen poisoning produced within 15 to 30 minutes in animals 
exposed to 3 to 8 atmospheres of oxygen (5, 10, 11). The review by Dick- 
ens (5) contains an excellent critical evaluation of the work that has been 
carried out on the toxic action of oxygen on enzymes and tissue metabolism. 
From recent work on the mechanism of oxygen poisoning in the intact 
animal, it appears that there is a close similarity between the toxic effects 
of excess radiation and of oxygen at high pressure (12, 13). 

In the present work, the effect of 1 atmosphere of oxygen on the multi- 
enzyme systems involved in the oxidation of glucose and pyruvate has 
been studied. Rat heart homogenates fortified with KCl and diphos- 
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phopyridine nucleotide (DPN) were used. Such homogenates have the | 
ability to catalyze at a rapid rate the complete oxidation of glucose and © 


pyruvate to carbon dioxide and water (14, 15). It was found that, com- 
pared to controls in air, the rate of oxidation of both glucose and pyruvate 
was consistently depressed by 1 atmosphere of oxygen and that the in- 
hibitory effect of oxygen was profoundly influenced by metal ions in the 
reaction medium. A study of this toxic action of oxygen and its modifica- 
tion by metal ions is presented in this paper. 


Methods 


Enzyme System—Male albino rats, weighing 150 to 200 gm., were used | 


and fed ad libitum. For each experiment an animal was killed by decapi- 
tation and the heart was placed in cold medium of the following composi- 
tion: 0.040 mM sodium phosphate, 0.095 m NaCl, pH 7.2. After being 
blotted on filter paper, the heart was cut into small pieces and ground by 


hand in a glass homogenizer in 3 ml. of chilled medium of the same compo- | 


sition. The suspension was filtered through cheesecloth to remove gross 


particles. An additional 5 ml. of chilled medium were added to the ho- | 
mogenate. In later experiments, the heart was weighed before homoge- | 


nization and the total volume of medium added was 1.5 ml. per 100 mg. 
of wet weight. In these later experiments, we also substituted KCl for 
NaCl in the homogenization medium, with which the enzyme system is 
more stable. The homogenates may be cleared of large particles and cellu- 
lar debris by centrifugation at about 200 X g for 5 minutes with little or 
no loss of activity. 

Incubation—The homogenates oxidized glucose and pyruvate vigorously 
when incubated at 37° in the presence of DPN and KCl or MgCl.. The 
composition of the reaction system varied in different experiments as ex- 


plained. In a typical experiment, the system consisted of the following: — 


0.5 ml. of homogenate (corresponding to 30 to 40 mg. of tissue), 0.05 ml. 
of 5 per cent glucose (or 0.1 ml. of 0.1 M sodium pyruvate), 0.1 ml. of 3 per 
cent DPN, 0.5 ml. of 0.3 m sorbitol, and 0.5 ml. of 0.15 mM KCl. The reac- 
tion mixtures were incubated at 37° in Warburg flasks containing alkali 
in the side compartments. In the absence of added substrate, there was 
considerable oxygen uptake for the first 20 to 40 minutes caused by the 
oxidation of substrates initially present in the homogenate. With added 
glucose or pyruvate, activity continued for 2 to 3 hours or more. Under 
optimal conditions, the oxygen uptake of the system with glucose as sub- 
strate corresponds to 400 to 450 umoles per gm. of wet tissue per hour. 
This is approximately 5 times the respiration of rat heart slices incubated 
in vitro with glucose as substrate. Utilization of glucose by the heart 
homogenate was determined by measuring the initial and final glucose 
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concentration in the medium by the method of Miller and Van Slyke (16). 
Activity was determined with air, 4 per cent oxygen (96 per cent nitrogen), 
7.4 per cent oxygen (92.6 per cent nitrogen), or 100 per cent oxygen in the 
gas phase. CoCh, CuSOy, MgCh, or the chelating agent ethylenediamine- 
tetraacetic acid (EDTA or Versene) was added in some of the experiments 
as indicated. 

Chemicals—DPN was obtained from the Pabst Laboratories and solu- 
tions of it were neutralized with NaOH before use. Sodium pyruvate was 
prepared from pyruvic acid and crystallized. 


EXPERIMENTAL 


Inhibition by 100 Per Cent Oxygen—When homogenates were incubated 
with glucose or pyruvate as substrates at 37°, the rates of oxygen uptake 
were initially linear with time and the same in air and oxygen. How- 
ever, in all experiments, the subsequent decline in the rates of reaction 
of the systems in oxygen began sooner and was more pronounced than in 
the controls in air (Table I). Typical experiments illustrating the effect 
of oxygen on the oxidation of glucose and pyruvate are recorded in Fig. 1. 

Table I contains the results of a series of experiments in which oxidation 
of glucose by rat heart homogenate was studied with air or 100 per cent 
oxygen in the gas phase. ‘Total oxygen uptake and utilization of glucose 
are recorded. In all of the experiments, glucose was present in excess so 
that at least one-half of the added glucose remained at the end of the period 
of incubation. The experiments in Table I show that both oxygen uptake 
and glucose utilization were depressed in 100 per cent oxygen compared 
to the controls in air. 

It was shown in a previous paper (15) that glucose oxidation by heart 
homogenate is highly dependent upon the cations present in the reaction 
medium. When sodium ions are the only cations added, there is no ac- 
tivity. Addition of KCl, MgCl, or both will activate the system. KCl 
Was present in most of the experiments reported in Table I. However, we 
have also included some experiments in which MgCl. or both KCl and 
MgCl. were added. Inactivation by 100 per cent oxygen was found under 
all of these experimental conditions. The results (Table I) show that the 
oxygen uptake was approximately 6 times the utilization of glucose, indi- 
cating that most of the glucose used during the experiment was completely 
oxidized. The rate of reaction during the 70 to 100 minute period in per 
cent of the initial rate is recorded in the seventh column. It is seen that 
the activity of the system decreased considerably during incubation in air, 
but that in all experiments the decline of the rate of reaction was greater 
in oxygen than in air. The times at which the rates of oxygen uptake of 
the samples in oxygen had declined to 50 per cent of the rates of the con- 
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15 


W 
O 


0.2 ATM O2 0.2 ATM O2 til 


|.OATM O2 ATM 


7 bi 
NO NO SUBSTRATE ag 


LOATM O> SUBSTRATE 


50 100 150 ac 
TIME IN MINUTES 1s 

Fic. 1. Oxidation of glucose and pyruvate by rat heart homogenate in air and by 
oxygen. The reaction system was as described under ‘‘Methods.’’ Glucose when th 
present, 0.008 m; sodium pyruvate when present, 0.0065 Mm. ATM = atmosphere. 


OXYGEN UPTAKE «MOLES 


O.2ATM 


se! 
TABLE | | th 
Glucose Oxidation by Rat Heart Homogenate in Air and Oxygen ; eff 


The reaction system had the following composition: 0.028 m NaCl; 0.012 m sodium in 
phosphate; 1.8 mg. of DPN per ml.; 0.008 m glucose; KCl, when added, 0.045 u; en 
MgCl., when added, 0.0012 mM; sorbitol added to constant osmolarity (0.270); pH on 
7.2; 40 to 50 mg. of tissue. Total volume,1.70 ml. Each figure is the mean of dupli- 


cate determinations. 
Ci 
a “ Ti for 50 eff 
Activatng ions | Gas phase | Time | per ent 
min. pumoles pmoles per cent min, 
: | = Air 120 17.5 2.9 66 to 
Oxygen 120 13.6 1.3 24 85 
Kt Air 120 17.4 1.8 42 th 
Oxygen 120 12.5 0.6 14 a 
3 Kt Air 150 21.0 3.5 90 of 
Oxygen 150 15.8 3.0 69 105 
4 Kt Air 210 25.1 3.8 82 | ta. 
Oxygen 210 19.3 | 3.4 78 «(15 tre 
5 Mg** Air 120 22.3 | 3.8 39°C 
Oxygen 120 19.9 3.2 | 
6 K+, Mg*+ | Air 120 15.6 3.5 29 st 
Oxygen 120 12.6 1.8 - me 
7 Kt, Mgtt Air 120 2.7 | 5.7 4 
| | Oxygen 1200 25.8 5.1 2 | on 
* The time, ¢, at which the rate of oxygen uptake of the sample in oxygen, during ni 
the interval ¢ +5 minutes, had decreased to 50 per cent of the rate of the control in In¢ 
air during the same interval of time. eff 
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trols in air are given in the eighth column of Table I. It is apparent that 
the time necessary to reach a certain degree of inactivation varies widely 
from experiment to experiment. Apparently, both the extent and the 
time of onset of oxygen toxicity vary from one tissue preparation to an- 
other. | 

Effect of Cupric [ons—The variation in the time of onset of oxygen poi- 
soning of the system made it likely that some factors, so far unrecognized, 
influenced the toxic action of oxygen in these experiments. One possi- 
bility was that trace metals present in the tissue or introduced by the re- 
agents affected the results. Cupric ions are known to catalyze the oxida- 
tion by oxygen of compounds containing sulfhydryl groups (17), ascorbic 
acid (18), and possibly other essential tissue components. The cupric ion 
is a normal tissue constituent in trace amounts. The oxidation of glucose 
by the rat heart homogenate was, therefore, studied in air and oxygen in 
the presence and absence of small amounts of CuSO,. It was shown in 
separate experiments that Na2SO, in high concentrations (compared to 
the concentrations of CuSO, used) had no effect on the system, so that any 
effects of CuSO, could be assumed to be caused by the cupric ions. CuSO, 
in concentrations above 2 X 10-5 mM was found to be highly toxic to the 
enzyme system when studied with air or with oxygen in the gas phase. At 
somewhat lower concentrations, the system in oxygen was affected to a 
much greater extent than was the control in air, and at concentrations of 
CuSO, in the range of 5 X 10-* m to 10-5 M the copper ion had little or no 
effect on the enzyme system incubated in air but strongly inhibited the 
system incubated in oxygen. These findings are illustrated in Fig. 2. Sim- 
ilar effects of cupric ions were observed when pyruvate was the substrate. 

The inhibitory action of the cupric ion could be abolished by the addition 
to the medium of the chelating agent EDTA (Table IT). 

These observations constitute indirect evidence for the hypothesis that 
the toxic effect of oxygen on metabolism is brought about by an oxidation 
of one or more essential metabolites or enzymes to an inactive form. 

Dickens (6) demonstrated with brain slices and homogenates that cer- 
tain cations, particularly Cot*+ and Mn*+*, when present in small concen- 
trations, protected against the toxic action of oxygen at increased tension. 
The effect of the addition to the medium of a small amount of CoCl, was 
studied in the presence and absence of added cupric ions. These experi- 
ments are reported in Table IIT. 

In air, neither CuSO, nor CoCl, in the concentrations used had any effect 
on the enzyme system. Oxygen uptake and glucose utilization were sig- 
nificantly depressed in 100 per cent oxygen. ‘Traces of cupric ions greatly 
increased the toxic effect of oxygen, and cobalt ions had no significant 
effect in the absence of added CuSQ,, but did significantly diminish the 
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inhibition by oxygen in the presence of added CuSO,. The nature of this} 
effect of cobalt ions may be similar to the action of cobalt and manganese | 


T 
0.2 ATM. 
5 
2 tc 
= 20 
O » C 
2 15 “ 
ti 
10 
0.2 ATM. Op 
= % gi 
= 5F 1.0 ATM. 
m 
CuSOq x M 
Fic. 2. The effect of copper ions on glucose oxidation by rat heart homogenate in z 
air and oxygen. The reaction system was as described under ‘‘Methods.’’ The | 
abscissa is the concentration of CuSO, and the ordinate is the total oxygen uptake © 
during 150 minutes of incubation at 37°. Two upper curves were obtained with glu- 
cose as substrate, and the two lower curves without substrate added. ATM = atmos- 
phere. ] 
TaBLE II 
Glucose Oxidation by Rat Heart Homogenate; Effect of CuSO, and EDTA 
The reaction system was as described under ‘‘Methods.’? CuSO,and EDTA were 
added as indicated below. Time of experiment, 130 minutes. Each figure is the 
mean of duplicate determinations. 
Gas phase CuSO. EDTA 
M M pmoles pmoles 
Air 0 0 24.9 4.2 
Oxygen 0 0 23.1 3.2 . 
Air 1.5 X 10°5 0 22.0 3.5 . 
Oxygen 1.5 XK 10°° 0 13.3 1.7 | 
Air 1.5 X 10°5 6 xX 10°5 28.9 3.4 
Oxygen 1.5 X 6 X 10-5 28.4 3.9 
ions observed by Dickens (6, 7) and may consist of an antagonism to ions q 
that accelerate oxygen poisoning. These ions may be naturally present R 
in the tissue or, as In our experiments, they may be added to the reaction 1 
medium. It should be pointed out that the concentration of cupric ions g 
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added in these experiments is actually lower than the concentration natu- 
rally present in human plasma (19). 


TABLE III 
Effect of Copper and Cobalt Ions on Oxidation of Glucose by Rat Heart 
Homogenate in Air and Oxygen 


Five expcriments were pcrformed with separate heart homogenates. In addition 
to the regular components of the reaction mixture, described under ‘‘Methods,”’ 
replicates contained (1) no extra added ions; (2) CuSQ,; (3) CoCl.; (4) CuSO, + 
CoCl, as indicated below; gas phase was air or 100 per cent oxygen. In each experi- 
ment (120 minutes of incubation at 37°) the total oxygen uptake and glucose utiliza- 
tion were measured and the mean activity of the controls in air (and without CuSO, 
or CoCl.) was designated 100 per cent. The activities of the other samples were 
expressed in per cent of the control. The figures below for each experimental cate- 
gory are the means of the per cent differences from the controls + the standard error 
of the mean. The figures in parentheses represent the number of individual deter- 
minations. 


Cate- Oxygen uptake Glucose utilization 
gory Ions added 
_— In air In oxygen In air In oxygen 
per cent* per cent* per cent* per cent* 
None 0 (9) —-14 + 1.6 O (9)\—-14 + 3.3 (9) 
9X 10°*m + 2.3 (4)\—46 + 3.7 (9)|—4 + 6.1 (4)|\—62 + 6.9 (9) 
CuSO, 
II 10 +124 1.7 (4)) + 1.0 (7) + 4.1 (4)\—-18 + 5.9 (7) 
CoCl. 
IV 9X 10°*m 0+ 1.1 (5) —31 + 3.2 (8) +4 + 3.2 (5) —44 + 2.5 (8) 
| CuSO, 
+3.8 X 1075 
CoCl 
Effect of co- | O+ 2.5 +15 + 4.9 +8 + 6.9 +18 + 7.3 
balt in pres- t= 3.1 t = 2.4 
ence of P <0.01 | P <0.01 
copper (Cat- | 
egories IV- 
1) | 


* Per cent differences from the activity of the control in air and in the absence of 
added copper and cobalt ions (see above). 


Effect of EDTA—The observation that the cupric ion so strongly ac- 
centuates oxygen toxicity and that other ions also influence the phenome- 
non made it likely that chelating agents would modify oxygen toxicity. 
The effect of the chelating agent EDTA was accordingly studied. This 
substance combines strongly with the calcium ion, less strongly with mag- 
nesium, and also removes cupric ions from solution. When EDTA was 
added to a rat heart homogenate activated by KCl and with glucose as 
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substrate, it was found that at low concentrations (6 X 10-5 M or lower) 
EDTA had no effect or caused only a slight depression of the initial rate 
of reaction. If the concentration was increased above 10~* mM, however, 
the initial rate was definitely depressed. At a concentration of 10~* , 
EDTA caused complete inhibition. The inhibition appeared to be caused 
by the removal of magnesium ions from the reaction medium since the 


addition of an equivalent or greater amount of MgCl, restored activity — 
completely. When an adequate concentration of KCl is present, glucose _ 
oxidation will proceed rapidly without added MgCl., but it is apparent © 


that the magnesium ions present in the tissue itself are necessary for ac- 
tivity. 
Although EDTA in small concentrations had little or no effect on the 


initial rate of reaction, it did influence the activity of the enzyme prepara- © 
tions after incubation for 1 hour or more at 37°. The general action of | 
EDTA at a concentration of 6 X 10-5 M was that of stabilizing the system; — 
z.e., of delaying the gradual fall in the rate of reaction that began at differ- | 


ent times with every enzyme preparation studied. This stabilization of 
the system with EDTA occurred both in air and in oxygen but was sig- 
nificantly greater in oxygen than in air. In oxygen the time of the fall in 


activity (compared to the control in air) was, therefore, delayed and the — 
difference in activity between the sample in air and oxygen was less pro- 


nounced. The observation that EDTA prolongs the activity of the sys- 
tem both in air and in oxygen makes it reasonable to assume that the fall 


in activity of the system in air, as in oxygen, is at least partly a result of 


the toxic action of oxygen; 7.e., that oxygen in this cell-free enzyme system 
is toxic at the tension present in air. If this be true, the enzyme system 
should be more stable when incubated under tensions of oxygen lower than 
0.2 atmosphere than it is in air or oxygen. The oxygen uptake of the 
heart muscle enzyme system was therefore determined in the presence of 


glucose with 4 per cent oxygen (96 per cent nitrogen), air, or 100 per cent — 
oxygen in the gas phase. At each tension of oxygen the effect of the addi- | 
tion of 6 X 10-5 m EDTA was also determined (Experiment 1, Table IV). — 


In two subsequent experiments (Experiments 2 and 3, Table IV) the low- 


est oxygen concentration was 7.4 rather than 4 per cent. It was realized _ 
that at a concentration of 4 per cent oxygen almost all of the oxygen present | 


was used up at the end of the experiment and that, under such conditions, 
diffusion of oxygen into the solution might become a limiting factor in the 


measurement of oxygen uptake. With 7.4 per cent oxygen in the gas — 


phase, the concentration of oxygen at the end of an experiment will still be 


about half of the initial concentration, even with the most active enzyme | 


preparation studied. 
For each experiment we have recorded the initial rate of reaction in mi- 
cromoles of oxygen per hour calculated from the rate during the 30 to 50 
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minute interval of the experiment. We chose this interval for calculation 
of the initial rate of reaction, since at 30 minutes the control without glucose 


TABLE IV 
Glucose Oxidation by Rat Heart Homogenate at Different Concentrations of Oxygen 


Reaction system, Experiment 1: 0.5 ml. of homogenate (about 40 mg. of tissue) 
in 0.040 m sodium phosphate, 0.095 mM NaCl, pH 7.2. Final concentrations of compo- 
nents: 0.012 m sodium phosphate, 0.029 m NaCl, 0.045 m KCl, 0.090 m sorbitol, 1.8 
mg. per ml. of DPN, 0.0084 m glucose. Total volume, 1.65 ml. EDTA, when pres- 
ent,6 X 10-5 m. Experiments 2 and 3: 0.5 ml. of homogenate (31 mg. of tissue) in 
0.040 m sodium phosphate, 0.095 m KCl, pH 7.2. Final concentrations of compo- 
nents: 0.017 mM sodium phosphate, 0.074 m KCl, 0.065 m sorbitol, 2.6 mg. per ml. of 
DPN, 0.012 m glucose. Total volume, 1.15 ml. EDTA, when present, 9 X 1075 m. 
Oxygen uptake determined in Warburg vessels at 37°; CO2 absorbed by alkali. Gas 
phase, 4 per cent O2-96 per cent No, 7.4 per cent O2-92.6 per cent No, air, or 100 per 
cent Oo, as indicated below. For each experiment the initial rate of oxygen uptake 
(calculated from the 30 to 50 minute rate) is recorded in micromoles per hour. Aver- 
age rates during subsequent 40 minute intervals are given in per cent of the initial 


rate. Each figure is the mean of duplicate determinations. 
No With No With No With 
EDTA EDTA EDTA EDTA EDTA EDTA 
Experiment No. 
4 per cent oxygen Air 100 per cent oxygen 
1. Initial rate, wmoles per hr. | 10.4 8.9 11.4 8.9 10.5 9.0 
% 

70-110 min. 93 104 s+ 99 66 78 
110-150 ‘“ 54 85 36 93 15 74 
150-190 18 80 11 83 65 

7.4 per cent oxygen 
2. Initial rate, wmoles per hr.| 14.1 12.8 14.6 13.2 14.1 12.5 
% 

70-110 min. 79 87 81 88 67 81 
110-150 ‘ 76 84 67 82 56 76 
150-190 ‘ 54 64 29 69 11 55 
190-230 ‘‘ 46 51 10 59 11 49 
230-270 ‘ 38 42 5 51 7 42 

3. Initial rate, wmoles per hr.| 13.4 11.4 13.5 11.6 14.1 12.5 
sé % 

70-110 min. $l 83 81 89 74 84 
110-150 ‘ 78 82 58 77 30 77 
150-190 58 73 22 76 62 
190-230 ‘‘ 51 59 5 64 4 55 
230-270 ‘ 51 55 4 58 3 43 


added had almost ceased to take up oxygen, and significant oxygen poison- 
ing did not occur earlier than 50 minutes from the start of the experiment. 
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It is seen that the initial rate of reaction was almost the same at the differ. | 
ent tensions of oxygen, indicating that the respiratory enzymes are satu- | 
rated with oxygen even at 4 per cent concentrations. EDTA, at a con- 
centration of 6 X 10-5 M in Experiment | and 9 X 107-5 m in Experiments 
2 and 3, depressed the initial oxygen uptake slightly. The mean oxygen 
uptake values during subsequent 40 minute periods of incubation were | 
calculated and expressed in per cent of the initial rate. There was in all 
cases a progressive fall in activity with time. This fall started earlier and — 
was more pronounced in oxygen than in air. It was also found that the 
oxygen uptake was maintained better in 4 or 7.4 per cent oxygen than in | | 
air. EDTA protected the enzyme system against inactivation at all con- 
centrations of oxygen. This protective effect of EDTA was particularly | 
pronounced with 100 per cent oxygen in the gas phase. With EDTA pres. 
ent, the enzyme system has a remarkable stability. Even after 250 min- 
utes of incubation at 37°, activity was still at a level of 50 per cent of the 
initial rate (Experiments 2 and 3). } 
( 


DISCUSSION 


In the experiments reported here the toxic action of oxygen on a cell-free | 
multienzyme system is well demonstrated. The inhibitory action of oxy- — 
gen is manifested by 100 per cent oxygen and also at the concentration of , 
oxygen present in air. However, there is considerable evidence that most 
enzymes, when present in the intact cells of tissue slices or in the animal, 
are less susceptible to oxygen poisoning than they are when present in — 
cell-free preparations such as the heart homogenate used in these experi- ; 
ments. This may be an indication that protective mechanisms are pres- 
ent in the cell that counteract the oxidizing potential of molecular oxygen. 
It has been observed that susceptibility to poisoning by oxygen varies 
widely from species to species (4, 20) and with the physiological state of 
the animal (21). It is possible that such differences in resistance to oxygen 
toxicity may parallel changes in the protective mechanisms of the cell. As 
an extreme case, one may consider the strictly anaerobic bacterium as an 
organism without any protective mechanism against oxygen poisoning. 

That copper ions greatly accentuate oxygen poisoning and that the 
chelating agent EDTA exerts a protective action strongly support the view 
that the toxic action of oxygen on tissue metabolism is caused by a metal- 
catalyzed oxidation of one or more easily oxidizable tissue constituents. 
There is much evidence that the tissue constituents involved may be en- 
zymes or coenzymes containing sulfhydryl groups: (1) The so called SH— © 
enzymes are especially vulnerable to inactivation by oxygen. (2) The 
SH— coenzymes, glutathione and coenzyme A, have been shown by Bar- 
ron (22) to be oxidized in water solution by high pressures of oxygen. (3) 
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Copper ions, found in our experiments to accentuate oxygen toxicity, are 
known to catalyze the oxidation of SH— groups (17). 

The importance that the zn vitro studies of oxygen toxicity may have for 
our understanding of the phenomenon of oxygen poisoning in the intact 
animal remains to be decided. The difficulties involved in conciliating 
the results from studies of tissue preparations with observations made on 
intact animals have been discussed by Stadie and Haugaard (11) and by 
Dickens (5). It should be pointed out, however, that recent studies with 
intact animals by Gerschman et al. (23) support the hypothesis that oxy- 
gen poisoning is caused by an oxidation of essential SH— groups. These 
authors found that mice were protected against death from high oxygen 
pressure by previous injection of the sulfhydryl compounds glutathione, 
cysteine, 6-mercaptoethylamine, or BAL. Of importance in this connec- 
tion are also the studies of Lambertsen et al. (24), who estimated that the 
oxygen tension in the brain cells of man exposed to toxic pressures of oxy- 
gen (3 to 4 atmospheres) was far below the tension of oxygen in the inspired 
gas. These considerations would tend to indicate that the tensions of 
oxygen that are toxic to cells zn vivo are of the same order of magnitude as 
the oxygen tensions found to be toxic to tissue metabolism in vitro. 

Much remains to be done before we understand the mechanism of oxygen 
poisoning. However, the evidence that has accumulated in favor of the 
hypothesis that oxidation of essential SH— groups is involved is impressive. 


The authors wish to thank Miss Imelda Rusnock for valuable technical 
assistance. 


SUMMARY 


The toxic effect of oxygen on the enzyme systems in heart muscle oxi- 
dizing glucose and pyruvate has been studied. It was found that oxygen 
ata pressure of | atmosphere (conipared to air) produced a gradual inhibition 
of enzyme activity. Cupric ions in trace amounts greatly accentuated 
this toxic action of oxygen. The chelating agent, ethylenediaminetetra- 
acetic acid, protected against inactivation of the enzyme systems by oxy- 
gen. The relation of these findings to the phenomenon of oxygen poison- 
ing has been discussed. 
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STUDIES ON THE EFFECT OF VITAMIN Bs ON 5-HYDROXY- 
TRYPTAMINE (SEROTONIN) FORMATION 
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(Received for publication, February 25, 1957) 


It is becoming apparent that 5-hydroxytryptamine (serotonin) may be 
an important humoral agent (1-3), and information concerning its me- 
tabolism may be of value in elucidating its physiological roles. An im- 
portant catalyst involved in the biosynthesis of serotonin is the enzyme 
5-hydroxytryptophan (S5HTP) decarboxylase (4). As a result of the ac- 
tions of this enzyme, administered 5HTP is converted to serotonin in 
many tissues, including brain (5). Many of the pharmacological effects 
of this amino acid were shown to result from its ability to penetrate into 
the central nervous system, where it is converted to serotonin by 5HTP 
decarboxylase in brain. 

It was previously reported that 5-hydroxytryptophan decarboxylase is 
inhibited by carbonyl reagents, suggesting that the coenzyme in the con- 
version of 5HTP to serotonin was pyridoxal phosphate (4). However, 
with purified preparations of guinea pig kidney, it was not possible to show 
more than 30 per cent stimulation upon addition of pyridoxal phosphate. 
Similar findings were later reported by Beiler and Martin (6). Subse- 
quently, Buxton and Sinclair (7) found that in vitamin Be-deficient rats 
the activity of kidney 5HTP decarboxylase was much lower than in normal 
rats and that the activity could be restored upon addition of pyridoxal 
phosphate in vitro. 

The studies reported here represent additional evidence that pyridoxal 
phosphate is the coenzyme of 5HTP decarboxylase. The effects of vita- 
min Bg deficiency and semicarbazide on serotonin production in vivo have 
also been investigated. 


Materials and Methods 


Materials—Pyridoxal phosphate (65 per cent purity) was generously 
donated by Dr. E. A. Peterson of the National Cancer Institute. Sero- 


* Part of the work presented here will be submitted by Herbert Weissbach in a 
thesis in partial fulfilment of the requirements for the degree of Doctor of Philosophy 
in the Department of Biochemistry, George Washington University, Washington, 
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tonin, 5HTP, and semicarbazide were obtained from commercial sources, 
Chickens were used in these studies because experiments on vitamin B, 
deficiency in this species were in progress for other purposes. Vitamin 


B,-deficient chickens were prepared by being placed on artificial diets at 


the time of hatching. One group, made acutely deficient by a diet com- 
pletely devoid of vitamin Beg, exhibited symptoms of pyridoxine deficiency 


after 9 to 12 days. The other group received a diet containing approxi- — 
mately 10 per cent of the minimal vitamin Be requirement, and showed | 


symptoms after 4 to 5 weeks. Controls for this group consisted of animals _ 


limited to the same food intake containing optimal amounts of vitamin Beg. 

Methods—Serotonin in tissues was determined by a method previously 
described (8). Whole blood was assayed for serotonin upon precipitation 
of proteins! with ZnSO, and NaOH, as previously described (9). 5-Hy- 
droxytryptophan decarboxylase was assayed by measuring serotonin for- 
mation from 5HTP according to the procedure of Clark et al. (4). 0-Tyra- 


mine was assayed colorimetrically after extraction with n-butanol, as — 


described by Mitoma et al. (10). 


EXPERIMENTAL 


Dissociation of 5HTP Decarboxylase from Its Coenzyme—Although rat 
kidney is a relatively poor source of 5HTP decarboxylase, it was found that 


the enzyme in this tissue could be dissociated from pyridoxal phosphate — 
more readily than in other tissues which contain more enzyme, 2.e. guinea © 


pig and hog kidney. The following procedure was used to make prepara- | 


tions requiring pyridoxal phosphate for decarboxylation of 5HTP. Rat 
kidneys were removed, immediately frozen, and stored at — 10° for several 


days.” After the kidneys had thawed, purification of 5HTP decarboxylase — 
was carried out in a room at a constant temperature of 3-5°. The tissue — 
was homogenized in 4 times the volume of distilled water and centrifuged © 


for 30 minutes in a Servall centrifuge at high speed. After removal of the 


fatty layer the supernatant extract was dialyzed against distilled water | 


overnight. 
The dialyzed preparation at this stage was found to be relatively inactive 


unless pyridoxal phosphate was added. Pyridoxal phosphate produced | 


little stimulation (Table I) unless the tissue was first subjected to freezing 
and thawing. ‘This process apparently had little effect on the apoenzyme. 


Similar freezing and thawing techniques did not, however, affect the pyri- | 


doxal phosphate requirement of guinea pig kidney decarboxylase. 


' Chicken blood contains sufficient amounts of serotonin (2 to 3y per ml.) to assay 
directly in deproteinized blood. 

2 The usual procedure was to store the frozen kidneys over the weekend. Details 
of the time factors in the freezing and thawing were not investigated. 
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Effect of Semicarbazide on 5HTP Decarboxylase Activity in Vitro—It 
was shown previously that semicarbazide at concentrations of 10-? m in- 
hibited 5HTP decarboxylase almost completely and that this inhibition 
could not be reversed to any great extent by the addition of as much as 
200 y of pyridoxal phosphate (4). On the other hand, inhibition of 3,4- 
dihydroxyphenylalanine (dopa) decarboxylase by 10-? m semicarbazide 
was almost completely reversed with 200 y of pyridoxal phosphate, show- 
ing a distinct difference between these two enzymes. If semicarbazide 
inhibits because of interaction with pyridoxal phosphate, then excess 
pyridoxal phosphate should reverse the inhibition. Further studies with 
smaller amounts of semicarbazide have shown that the inhibition can be 


TABLE I 
Dissociation of Rat Kidney 5HTP Decarborylase by Freezing and Thawing 
Pyridoxal phosphate added | Control tissue* Tissue after freezing and thawing* 
0 1.00 0.28 
1 0.95 0.68 
2 1.31 
4 1.19 0.94 
8 | 1.10 1.16 


* The values represent micromoles of serotonin formed per gm. of kidney per hour. 
Each flask contained 1.0 ml. of enzyme, 10 uwmoles of pL-5HTP, 0.3 ml. of 1 M phos- 
phate buffer, pH 8.1, 0.1 ml. of octyl alcohol, and water to make a total volume of 
3.5 ml. Incubation was carried out on a Dubnoff metabolic shaker at 37° for 30 


minutes. 


reversed with pyridoxal phosphate (Table Il). The difference between 
dopa and 5HTP decarboxylase, previously reported, is difficult to explain 
by means of interaction of semicarbazide with the coenzyme alone. 

Effect of Vitamin By Deficiency on Tissue Serotonin Levels and 5HTP 
Decarboxylase Activity—The data presented in Table III indicate that in 
vitamin Be-deficient animals the levels of serotonin in the tissues are mark- 
edly diminished. It would have been desirable to compare the 5HTP de- 
carboxylase activity of tissues from vitamin Be-deficient chicks with those 
of normal chicks and to demonstrate a requirement of pyridoxal phosphate 
in the deficient animals. However, 5HTP decarboxylase activity in even 
normal chicken tissues, including slices, was found to be so low as to make 
this type of experiment impossible. 5HTP was, however, readily con- 
verted to serotonin when administered zn vivo. It was possible, therefore, 
to show that after a given dose of 5HTP less serotonin appeared in the 
tissues of vitamin Be-deficient animals than in controls (Table IV). It is 


ces, | 
1 B, | 
min 
Sat 
om- | 
ney 
wed 
1als 
Bs. | 
isly 
ion | 
Hy- 
for- 
ra- | 
as | 
| 
rat 
hat 
nea 
ira- 
tat 
ad 
ase 
sue 
red 
he 
ter 
ive 
‘ed 
ng 
ne. | 
ay 


620 EFFECT OF VITAMIN Bg ON SEROTONIN 


apparent that less serotonin was present in the tissues of the vitamin B,- I 
deficient animals to begin with, and that upon administration of 5HTP the I 
net increase in serotonin was much less. ] 
TaBLeE II 
Inhibition of 5HTP Decarbozrylase with Semicarbazide and Its Reversal 
with Pyridozal Phosphate 
Serotonin formed 
Semicarbazide — 

Without pyridoxal phosphate With pyridoxal phosphate 

pmoles Y 
0 121 165 
0.67 38 120 
2.7 10 90 by 
13.3 8.4 36 . 
26.6 5.2 27 \ 


The enzyme used in these studies was a 10,000 X g supernatant solution of guinea 
pig kidney. An amount equivalent to 100 mg. of original tissue was preincubated 
for 5 minutes with the indicated amounts of semicarbazide and with 0.5 umole of 
pyridoxal phosphate, after which 2 wmoles of pL-5HTP were added. The other de- 


tails of the incubation were similar to those shown in Table I. 


TaBLeE III 
Serotonin Levels in Normal and Vitamin B¢-Deficient Chicks c. 
Serotonin 
Tissue 
Control Vitamin Be-deficient ( 
y per gm y per gm. 8 
cd 1.1 (+ 0.3) 0.4 (+ 0.06) 
5.3 (4 1.2) 1.2 (+ 0.4) 
* Tissues from four animals were pooled and analyzed. : | ‘ 
The chicks used in this experiment were those made chronically deficient andtheir 
pair-fed controls. Unless otherwise stated, each value represents the average ob- = * 
tained from six animals. The values in parentheses represent the mean deviation. 
Effect of Semicarbazide in Vivo—The ability of semicarbazide to interact ti 


with pyridoxal phosphate in vitro, and thereby to inactivate 5HTP de- — o 
carboxylase, suggested that administration of this carbonyl reagent might 
produce a serotonin deficiency similar to that observed in vitamin Be-de- |e 


ficient animals. 


Administration of semicarbazide to guinea pigs in amounts sufficient to | s« 


sre 
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result in death in 1 to 2 hours (250 mg. per kilo) did not produce a detecta- 
ble decrease in the level of serotonin in the brain. However, a period of 
1 to 2 hours may have been short compared to the normal rate of serotonin 
synthesis. 


TABLE IV 


Serotonin Levels in Normal and Vitamin B,-Deficient Chicks after 
Administration of 5HTP 


Serotonin 
Tissue 
Control After SHTP A 
per gm. per gm, per gm. 
Vitamin Be-deficient liver........ 0.4 2.0 1.6 
Vitamin Beg-deficient brain. .*..... 0.5 3.2 2.7 


Each figure represents the pooled tissues of three animals. The values pre- 
sented are typical of those observed in two experiments. The animals received 240 
mg. per kilo of pL-5HTP and were killed 2 hours later. 


TABLE V 


Serotonin Levels in Normal and Semicarbazide-Treated Mice after 
Administration of 5HTP 


Experiment Tissue serotonin* Increase 
ber gm 
+ semicarbazide................... 6.5 4.3 


* Homogenates of whole mice were assayed. 

Semicarbazide (240 mg. per kilo) was administered 30 minutes before 5HTP 
(200 mg. per kilo); the animals were killed 1 hour later. Each figure represents the 
average obtained in two separate experiments. In each experiment the values repre- 
sent the pooled tissues of two animals. 


The effect of semicarbazide on the amount of serotonin appearing in 
tissues after a given dose of 5HTP was also investigated. This was carried 
out in mice by pretreating them, before administering 5HTP, with the 
maximal amount of semicarbazide which would permit survival for a long 
enough time to carry out the experiment. They were killed 1 hour after 
receiving the 5HTP, and each animal was homogenized and assayed for 
serotonin. The results of this experiment (Table V) indicate that semi- 
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carbazide had a slight effect on the increase in serotonin after 5HTP ad- | 
ministration. 
Since pyridoxal phosphate is required in other amino acid decarboxyla. © 
tions, it was decided to investigate the effects of semicarbazide on the 
conversion of another amino acid to its corresponding amine. 0-T'yrosine | 
has recently been shown to form o-tyramine in vivo (10). According to | 
Blaschko and Stanley (11), the enzyme responsible for this conversion is 
the one known as dopa decarboxylase. The data in Table VI indicate that 
semicarbazide has an even greater effect on the increase in o-tyramine : 
after administration of a given dose of o-tyrosine. 
Consistent with these, in vivo findings, it was also shown that when semi- | 
carbazide was administered to mice decarboxylase activity in homogenates 


TABLE VI 


o-Tyramine Levels in Normal and Semicarbazide-Treated Mice after 
Administration of o-Tyrosine 


Experiment Tissue o-tyramine 
per gm. 


* No o-tyramine could be detected in the absence of administered o-tyrosine. 
The experiments were carried out as described in Table V, o-tyrosine (200 mg. 
per kilo) being substituted for 5HTP. 


was inhibited, 55 to 65 per cent inhibition of 5HTP decarboxylase activity 
in whole mouse homogenate being observed 90 minutes after administra- 
tion of 240 mg. per kilo of semicarbazide. 


DISCUSSION 


The present studies provide additional evidence concerning the pyridoxal 
phosphate requirement of 5HTP decarboxylase by showing that activity 
is lost when the coenzyme is separated from the enzyme. This activity 
can be completely restored when pyridoxal phosphate is again added in — 
sufficient quantity. 

The effect of vitamin B, deprivation on serotonin formation is mavitate | ee 
of interest, since the serotonin deficiency may be responsible for some of | 
the effects observed in this vitamin deficiency. This is particularly true — 
of the neurological disturbances observed in vitamin Beg deficiency because — 
of the recent findings concerning effects of serotonin on the central nervous | 
system (2, 3). However, it should be kept in mind that pyridoxal phos- | 


ity 
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phate is required for the synthesis of histamine (12) and of 3,4-dihydroxy- 
phenylethylamine, an intermediate in the formation of epinephrine and 
norepinephrine (13). It would be surprising if these potent agents were 
not also diminished in vitamin Beg deficiency, and the effects of semicar- 
bazide on o-tyramine formation certainly indicate that this may be so. 
The effects of vitamin Bs deficiency on the biosynthesis of other amines 
are now under investigation. 

The demonstration of the effect of pyridoxine deficiency on serotonin 
formation in vivo would have been more conclusive had it been possible to 
show that the tissues which contained low amounts of serotonin were also 
deficient in 5HTP decarboxylase activity, and that addition of pyridoxal 
phosphate in vitro would restore this activity. The extremely low 5HTP 
decarboxylase activity found in chicken tissues did not permit this. Simi- 
lar experiments should be carried out on rats or guinea pigs from which 
active SHTP decarboxylase preparations can be isolated from tissues. 

No effect of semicarbazide on endogenous serotonin formation in vivo 
was apparent in the guinea pig, and even in the mouse the effect on sero- 
tonin formed from 5HTP was not striking. That sufficient semicarbazide 
was present to inhibit 5HTP decarboxylase 7m vivo was shown by studies 
on isolated tissues from semicarbazide-treated animals. The inhibition 
observed on tissues removed from semicarbazide-treated animals corre- 
sponded to that observed in vivo. Administration of semicarbazide had a 
somewhat greater effect on the production of o-tyramine from o-tyrosine, 
a reaction presumably catalyzed by another pyridoxal phosphate enzyme, 
dopa decarboxylase. In this respect, Bain and Wiegand (14) have re- 
ported diminished levels of y-aminobutyric acid and taurine upon semi- 
carbazide administration. These metabolites are also formed through the 
action of pyridoxal phosphate enzymes (15, 16). 


SUMMARY 


1. Rat kidney 5-hydroxytryptophan (S5HTP) decarboxylase has been 
dissociated from pyridoxal phosphate. 

2. Tissue levels of serotonin were found to be markedly diminished in 
Vitamin Be-deficient chicks. The conversion of administered 5HTP to 
serotonin was also diminished in the deficient animals. 

3. Semicarbazide was found to inhibit reversibly 5HTP decarboxylase 
in vitro and to diminish slightly conversion of administered 5HTP to sero- 
tonin 7n vivo. Conversion of o-tyrosine to o-tyramine in vivo was also in- 
hibited in semicarbazide-treated mice. 


We thank Dr. G. Briggs of the National Institute of Arthritis and Meta- 
bolic Diseases for preparing and making available the large number of 
Vitamin Be-deficient chicks which were used in these studies. 
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| THE METABOLISM OF MUCOPOLYSACCHARIDES IN ANIMALS 
IV. THE INFLUENCE OF INSULIN* 


om | By SARA SCHILLER ann ALBERT DORFMAN 
| (From La Rabida Jackson Park Sanitarium and the Department of Pediatrics, 
University of Chicago, Chicago, Illinois) 
na- (Received for publication, February 13, 1957) 
d., The turnover of the acid mucopolysaccharides, hyaluronic acid (HA) 
and chondroitinsulfurie acid (CSA), of skin has been studied in normal 
al, rats (1) and in animals treated with the adrenocortical hormones, 17-hy- 
droxycorticosterone and 11-dehydro-17-hydroxycorticosterone (2). It was 
shown that the administration of these adrenal steroids to otherwise nor- 
6). mal rats resulted in a decreased turnover of the mucopolysaccharides of 


skin. 

The possibility that insulin participates in the metabolism of acid mu- 
copolysaccharides was suggested by the finding that both the uronic acid 
and hexosamine moieties of HA derive from glucose (3-5). Since insulin 

regulates the utilization of glucose, it seemed reasonable to postulate a 
role for insulin in the biosynthesis of the mucopolysaccharides. It is the 
purpose of this paper to present evidence that mucopolysaccharide metab- 
olism is impaired in the skin of alloxan-diabetic rats and is restored toward 
normal by insulin administration. A portion of this investigation was 
published previously in preliminary form (6). 


Methods and Materials 


Animals—Adult male rats of the Sprague-Dawley strain were used 
throughout this study. Except for animals on a limited food intake, the 
rats were fed Rockland chow and water ad libitum. Alloxan diabetes was 
induced by a single subcutaneous injection of 150 mg. of alloxan mono- 
hydrate per kilo of body weight. Animals that did not lose weight were 
eliminated. 3 weeks after the administration of alloxan, blood glucose, 
determined on rats selected at random, ranged from 410 to 592 mg. per 
100 ml. 

Insulin (NPH, Lilly) was injected subcutaneously in daily doses of 20 or 
40 units per kilo of body weight. This dose was varied, because continued 
administration of the higher dose resulted in evidences of hypoglycemia in 
some animals. Glucose levels of 25 to 45 mg. per 100 ml. of blood were 


* This investigation was aided by grants from the National Heart Institute (H-311) 
of the United States Public Health Service, the Herman Gordon Foundation, and 
the Variety Club of Illinois. 
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attained. On any day that the concentration fell below 25 mg. per cent, 
as happened occasionally, the insulin injection was omitted. 

Methods—Blood glucose was determined by the method of Nelson (7), 
C'-carboxyl-labeled sodium acetate was prepared as described by Calvin 
et al. (8). Uniformly labeled glucose-C™ was purchased from the Nuclear 
Iristrument and Chemical Corporation, Chicago. The HA and CSA 
fractions were isolated from the skin as described in an earlier publication 
(9). 

Aliquots of the separated mucopolysaccharides were oxidized to CO, 
and the C' was counted as BaCQ,; in an internal gas flow counter, cor- 
rected to infinite thickness. A silver wire used in the combustion tube 
filling assured the complete removal of the S** during the oxidation of the 
CSA fractions. The S* concentration of the CSA fractions was deter- 
mined as previously described (1). 

The HA and CSA pool sizes in the skin of normal and diabetic rats were 
estimated by the method of isotope dilution. C'-labeled HA and CSA 
were prepared in vivo by injecting rats with acetate-1-C"™ and were isolated 
from the skin as described (9). The specific activity of the two muco- 
polysaccharides was determined and known quantities of each were added 
at the beginning of the extraction procedure to NaOH suspensions of 
defatted ground skins from normal and diabetic animals. After isolation 
of the mixture of labeled and unlabeled mucopolysaccharides, the specific 
activities of the HA and CSA fractions were determined and the amounts 
of mucopolysaccharides in the original skins were calculated (10). The 
values for the pool sizes of HA and CSA are expressed as mg. per 100 gm. 
of acetone-defatted dry skin. 


EXPERIMENTAL 


60 rats were divided into three experimental groups of equal size. One 
group of animals was used 3 weeks after the administration of alloxan. A 
second group of untreated animals served as controls, while a third group 
of normal animals was maintained on half the average daily food intake 
for 3 weeks prior to and during the experiment. The weight loss of the 
latter group was similar to that of the diabetic animals throughout the 
experimental period. Each of the 60 rats was injected once subcutane- 
ously with 80 ue. of acetate-1-C™ and 2.7 ye. of NaS*®O, as an isotonic 
mixture. ‘Ten rats in each group were sacrificed 1 and 5 days after the 
injection. 

The uptake of C™ by HA and of C™ and S* by CSA was strikingly less 
for diabetic than that for normal rats (Fig. 1). No such decrease was 
evident in the fasted rats. Since the weight lost by the animals on a re- 
stricted food intake duplicated that lost by the diabetic animals, weight 
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loss per se appears to have no influence on the uptake of C'4 and S** by the 
mucopolysaccharides of skin. The average body weights of the three 
groups of animals at the time of isotope administration were 355, 212, and 
210 gm. for the normal, fasted, and diabetic rats, respectively. 

The disappearance of HA-C™, CSA-C"™, and CSA-S*® 4 days after maxi- 
mal labeling is illustrated in Fig. 1. The C' concentration of the CSA 
fraction from the diabetic animals has been omitted, since the radioactivity 
of the BaCO, from this sample was too low for accurate counting. While 
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Fic. 1. A comparison of the C' concentration of HA and of the C™ and 8* concen- 
trations of CSA among the three experimental groups following the administration 
of acetate-1-C™ and Na.S*5O,. The left and right bars of each pair represent the 
values 1 and 5 days, respectively, after the injection of the isotopes. The value of 
the CSA-C™ at 5 days is omitted in the case of the diabetic rats. See the text for 
an explanation. 


half life times calculated from two points are not accurate, the values 
serve to indicate gross changes in turnover. The apparent half life times 
of 2.6 days for HA and 11.0 and 10.8 days for CSA (based on the C™ and 
S*, respectively) found in the skin of normal animals agree with those 
obtained previously from more detailed decay curves (1, 2). In the dia- 
betic animal, however, the turnover is considerably slower, as evidenced 
by an apparent half life of 4.5 days for HA and 20.9 days for CSA (based 
on 

The results of this experiment indicated a decreased capacity to metab- 
olize acid mucopolysaccharides in diabetic animals. A fall in concentra- 
tion of these substances might therefore be anticipated. Since methods 
for isolating the mucopolysaccharides are not quantitative, attempts were 
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made to estimate possible changes in mucopolysaccharide concentrations 
by utilizing the method of isotope dilution. The results, indicated in 
Table I, demonstrate a marked decrease in HA concentration and a legs 


striking decrease in CSA concentration. These determinations of pool — 
size permitted the calculation of the turnover rates presented in Table I. | 


The marked difference between diabetic and normal animals is evident. 
The lower turnover rates previously reported (6) were calculated from the 
quantities of HA and CSA isolated from skin by methods which are not 
quantitative. 

The sizes of the HA and CSA pools in the skin of the fasted animals 
were not measured; hence turnover rates comparable to those calculated 
for the normal and diabetic rats could not be obtained. 


TABLE I 
Comparison of Pool Size and Turnover Rate in Normal and Diabetic Rats 


Condition Pool size* Turnover ratet 

mg. per 100 gm. mg. = = gm. 
HA Normal 215 58 
Diabetic 88 
CSA Normal 187 | 12 
Diabetic 145 | 5 


* Pool size as determined by the isotope dilution method and expressed as mg. per 
100 gm. of acetone-defatted dry skin. 
t Turnover rate = (pool size)/(ty X 1.44) (11) (4 = half life time). 


The use of acetate-1-C™ effects specific labeling of the N-acetyl com- 


ponent of the mucopolysaccharide molecules (12). Since acetate utiliza-— 


tion is decreased in the diabetic animal (13, 14), it may be argued that the 
observed results reflect alterations in acetate metabolism. Although the 
similarity of the C™ and S** data would appear to invalidate this objection, 
another experiment was undertaken in which glucose-U-C™ as well as 
NaeS*O, was utilized. In the same experiment the effects of insulin on 


both normal and diabetic rats were studied. Four experimental groups | 


were used. At appropriate times, as designated below, each animal re- 
ceived a single subcutaneous injection of an isotonic mixture containing 


6.7 we. of glucose-U-C™ and 13.3 ye. of NaoS*O,. Two groups were made | 
diabetic as described above. 3 weeks later one-half of the diabetic ani-— 


mals was injected with the radioactive mixture. The remainder was 
treated daily with 20 or 40 units of insulin per kilo of body weight for | 
week before the administration of the radioactive material and daily there- 
after until sacrifice. The two other groups of animals consisted of non- 
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diabetic rats. One group served as a normal control, while the other was 
injected daily with 20 or 40 units of insulin per kilo of body weight before 
and after receiving the isotopes in a manner identical to that used in the 
treatment of the diabetic animal. 

Eight to ten rats in each group were sacrificed at intervals of 1, 5, and 
17 days after the administration of radioactive material and the HA and 
CSA fractions were isolated from the respective pools of skin. 

A comparison of the left bars of the diabetic and normal groups (Fig. 2) 
indicates a marked decrease in incorporation of isotope in both HA and 
CSA in the diabetic animal. This finding is entirely in accord with the re- 
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Fic. 2. A comparison of the C™ concentration of HA and of CSA of the various 
groups 1 (left bar) and 5 (right bar) days after the administration of glucose-U-C™ 
and Na2S*O,. 


sults obtained when acetate-1-C'™ was employed as a precursor. Calcula- 
tion of half life times for HA again showed some prolongation in diabetic 
animals (5.0 days compared with 3.8 days for normal), although these 
differences were not as striking as those observed for CSA or those ob- 
tained in the previous experiment. 

The sulfate data (Fig. 3) demonstrate, as in the previous experiment, a 
marked inhibition of isotope uptake in diabetic animals, although the 
differences in decay (half life times) are not as evident. 

The administration of insulin to diabetic animals restores the defect of 
uptake toward normal as illustrated by the data for C“ in HA (Fig. 2) and 
for both C™ and 8* in CSA (Figs. 2 and 3). The half life times were 
actually shorter than normal in this group (HA-C™, 1.9 days; CSA-C", 
3.9 days; and CSA-S*, 6.3 days). This is not surprising, since these ani- 
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mals were hypoglycemic. The effect of insulin in normal animals was 
somewhat variable and not as striking as in the diabetic animals, probably 
because the diabetic animal is more sensitive to insulin. 


535 28,000 NORMAL 
NORMAL- INS. Rx 
24,000 @ DIABETIC 
DIABETIC-INS. Rx 
20,000 Z 
Z 
16000] | Y 
Ge 
Yy 
& 12000 GY 
VA 
ZZ SA 
ZG YA 
000 OY 
ZZ 
ZZ 
ZY 
woos} {||| 


Fic. 3. A comparison of the S** concentration of CSA of the various groups follow- 
ing the administration of glucose-U-C" and NaoS**O,. The bars in each group, read- 
ing from left to right, represent values 1, 5, and 17 days after the injection of the 
isotopes. 


DISCUSSION 


In the present study an attempt was made to relate the pancreas to the 
synthesis of acid mucopolysaccharides. The data show that in diabetic 
rats the uptake of C'™ by HA and of C™ and S** by CSA is diminished, the 
sizes of the mucopolysaccharide pools in the skin are decreased, and the 
HA and CSA turnover rates are slower than normal. In the insulin- 
treated diabetic animal, the metabolism of the skin mucopolysaccharides 
assumes a more normal character. 

The radioactivity at zero time of the HA and CSA fractions isolated 
from the skin of the diabetic animals was approximately one-third that of 
the same fractions isolated from the skin of the normal animals when ei- 
ther acetate-1-C™ or glucose-U-C™ and NaS*O, were administered. 
These substances are precursors of specific moieties of the HA and CSA 
molecules (1, 12). This fact, taken together with the finding that the 
uptake of the isotopes was reduced to the same extent with each precursor 
used, confirms and supports the conclusion published previously (1) that 
the various components of the respective acid mucopolysaccharides turn 
over at the same rate. lurthermore, the observations argue against the 
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view that an increased initial dilution due to larger than normal body 
pools of acetate and glucose is responsible for the results in the diabetic 
animal, for it is unlikely that the acetate, glucose, and sulfate pools were 
increased to exactly the same extent. 

The results of this investigation indicate that the synthesis of the con- 
nective tissue mucopolysaccharides is inhibited in the insulin-deficient 
animal. ‘That the decreased turnover of these substances in the diabetic 
rat results from a defect in glucose utilization seems likely. Such a con- 
cept would also account for the decreased turnover of the mucopolysac- 
charides in the skin of rats injected with adrenal cortical hormones (2). 

Irrespective of its mechanism of action, a role of insulin in the metab- 
olism of the acid mucopolysaccharides may have considerable biological 
implications. ‘The retarded wound healing, the increased susceptibility 
to infection, and the accelerated vascular degeneration characteristic of 
diabetes mellitus may reflect a decreased ability to synthesize acid muco- 
polysaccharides. 


SUMMARY 


1. The turnover of the mucopolysaccharides, hyaluronic acid (HA) and 
chondroitinsulfuric acid (CSA), was estimated in the skin of diabetic, 
fasted, insulin-treated non-diabetic and insulin-treated diabetic rats, fol- 
lowing the administration of the precursors, acetate-1-C™ or glucose-U-C"™ 
and 

2. The uptake of C™ by HA and CSA and of S** by CSA isolated from 
the skin of diabetic animals is approximately one-third that found in the 
normal animals. Insulin treatment restored the values toward normal. 

3. It is suggested that insulin participates in the metabolism of acid 
mucopolysaccharides. 


The authors gratefully acknowledge the technical assistance of Mrs. 
Kathryn Dewey. 
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THE INDUCTION OF TRYPTOPHAN PEROXIDASE IN THE 
ISOLATED PERFUSED LIVER* 


By J. B. PRICE, Jr.,f anp L. 5. DIETRICH 


(From the Department of Surgery and Biochemistry, College of Physicians and 
Surgeons, Columbia University, New York, New York) 


(Received for publication, January 7, 1957) 


Tryptophan peroxidase (TP), an inducible hepatic enzyme (1, 2), re- 
sponds in the intact rabbit or rat to the specific substrate L-tryptophan 
by a rapid increase in activity. Smaller increase in tryptophan peroxidase 
activity may be mediated through the adrenal gland by a variety of non- 
substrate compounds (3); hypophyseal growth hormone and other hor- 
monal agents may also affect the level of tryptophan peroxidase activity 
(3, 4). In an effort to eliminate all such variables except substrate con- 
centration, we have used isolated perfused liver of rabbit and rat to study 
the induction of tryptophan peroxidase. ‘The studies demonstrated TP 
induction in these organs. 


EXPERIMENTAL 


Livers were obtained from non-fasted male white New Zealand rabbits 
weighing about 2 kilos. Blood for perfusion was obtained from animals 
of the same strain weighing 4 to 5 kilos. In the rat liver perfusions, 200 
gm. male albino animals of the Sherman strain served as liver donors, and 
blood was obtained from larger animals (400 gm.) of the same strain. The 
technique of Young, Prudden, and Stirman (5) was used to perfuse the 
rabbit livers. Isotope and chemical studies have shown that protein 
synthesis occurs in this perfusion system (6). The same procedure modi- 
fied by a scaling down of the apparatus to approximately one-tenth of its 
original size was employed for perfusion of the rat livers. The perfusate 
consisted of a mixture of 50 to 60 per cent whole heparinized blood, a 
casein hydrolysate (5) which raised the amino acid nitrogen to 24 mg. per 
cent, and L-tryptophan to a level of approximately 11.8 umoles per ml. of 
perfusate. Specific test compounds were added as desired. 

Tryptophan peroxidase activity was assayed by the method of Knox and 
Mehler (7). Aromatic amines were determined by diazotization (8). 

All data presented are from experiments characterized by (1) continuous 

* A preliminary report has appeared (Federation Proc., 16, 330 (1956)). This work 
was supported by grants from the United States Public Health Service (Nos. A 603 
and C-2446). 

t Fellow of the National Cancer Institute, September, 1954, to March, 1956. 


633 


51). | 
950 
| 


634 INDUCTION OF TRYPTOPHAN PEROXIDASE 


bile production, (2) perfusion at a low head of perfusate pressure, (3) good 
gross appearance of the liver at the end of the perfusion, and (4) produc- 
tion of large amounts of acyl conjugates of the tryptophan metabolites, 


RESULTS AND DISCUSSION 


Tryptophan peroxidase activity of liver samples is shown in Table I. 
All post-perfusion values are markedly higher than initial values, and the 
mean increase of 3.6 times was found for rabbit liver. Since the initial 
levels in the rabbit liver are lower than those found in the rat, it seemed 
desirable to determine whether increases in enzymatic activity could also 
be produced by perfusion of the isolated rat liver. As with rabbit liver, 
increases in peroxidase activity occurred, the activity being tripled in two 
perfusions of 2.5 and 4 hours duration. 


TABLE I 
Tryptophan Peroxidase Activity before and after Perfusion with L-Tryptophan 


| ‘ | | Activity* | 
Species | i Length of perfusion | Increase 
| Initial Final 
Rabbit 10 6 0.37 1.33 360 
Rat ] 2.5 4.6 13.6 300 
“3 1 4 4.6 15.0 330 


* Values are expressed in micromoles of kynurenine formed per gm. of wet weight 
of liver per hour. No overlap in the initial and final figures was found. 


A perfusion was performed on a rabbit liver and a rat liver, low levels | 
(0.1 umole per ml.) of tryptophan being employed. In both cases no — 
change in tryptophan peroxidase activity was observed, the values after 
perfusion being identical with those observed before perfusion, 0.38 and 4.6 
umoles of kynurenine formed per hour per gm. of wet weight of tissue for the 
rabbit and rat, respectively. 

The results show that induction of TP takes place in isolated perfused 
liver! The magnitude of the response is only a third or a fourth of that 
usually seen in the intact animal but is about the same as that noted by 
Geschwind and Li for adrenalectomized rats (4). 

Production of aryl amines by the liver was followed by hourly sampling 
of the perfusate. Fig. 1 shows the amount of aryl amines produced each 
hour plotted against time. The rate of aryl amine production increases 
as perfusion proceeds up to 4 hours, after which it decreases. Preliminary 


1 The induction of hepatic threonine dehydrase in perfused liver has recently been 
reported (9). 
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il , experiments in which a change to fresh perfusate was employed after 4 
C- hours suggest that the accumulation of tryptophan metabolites in the 
S. perfusate may suppress tryptophan peroxidase induction, since aryl amine 
production will continue to increase upon the addition of fresh perfusate. 

Pretreatment of rabbits with the methionine analogue, ethionine, or the 


I. | addition of ethionine to the perfusate (Fig. 1) containing the usual amount 
re of tryptophan, greatly diminished aryl amine production. The addition 
al of methionine to the perfusate containing the ethionine overcame the 
d inhibition produced by the ethionine. 
a 
x 
v0 
2.6 
2.4 
2.0 F 
METHIONINE - 
= 1.67 E THIONINE 
1.4 
= 
0.8 
> 0.6 
04 E THIONI NE 
| = 
TIME (HOURS) 
‘ls Fic. 1. Aryl amine production in the perfused rabbit liver. w-Ethionine and L- 
iy methionine were added to the perfusate at a level of 18 wymoles per ml. and 15 wmoles 
er per ml., respectively. 
6 
he The finding that ethionine inhibits the induction of tryptophan peroxi- 
dase in perfused liver is in accord with the in vivo observations of Lee and 
ed Williams (10), and can be taken as further evidence for the net synthesis 
at «of enzyme during the induction of tryptophan peroxidase. 
by 


The authors wish to express their appreciation to Dr. John F. Prudden 
ng for use of his laboratory and for his help and suggestions throughout this 
ch work. 


ry SUMMARY 
en Induction of hepatic tryptophan peroxidase takes place in the isolated 


perfused rabbit or rat liver, as demonstrated by assays of tryptophan 
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peroxidase activity of the liver before and after perfusion and by following 
the rate of aryl amine formation in the perfused liver. This enzymatic 
induction can be inhibited by ethionine and the inhibition in turn reversed 
by methionine. 
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HYDROXYMETHYL TETRAHYDROFOLIC DEHYDROGENASE* 


By Y. HATEFI,{ M. J. OSBORN,f{ L. D. KAY, anno F. M. HUENNEKENS 


(From the Department of Biochemistry, University of Washington, 
Seattle, Washington) 


(Received for publication, February 7, 1957) 


The preceding paper of this series (2) described the conversion by the 
enzyme, serine hydroxymethylase, of L-serine to glycine and a coenzyme- 
bound 1-carbon fragment at the oxidation level of formaldehyde (ef. Equa- 


tion 1) 


FH 
CH,—CH—COOH + H.0 CH.—COOH + CH,OH—FH, 


OH NH: NH, 


where FH, represents tetrahydrofolic acid! and CH,OH—FH, represents 
the formaldehyde-coenzyme complex. Evidence was adduced also for 
the existence of a corollary enzyme which oxidizes the CH2,OH-FH, com- 


plex according to Equation 2 
CH,OH-FH, + TPNt @ CHO-FH, + TPNH + Ht (2) 


where CHO-FH, represents the formate-coenzyme complex. The exist- 
ence of this enzyme, hydroxymethyl tetrahydrofolic dehydrogenase, in pigeon 
liver and beef liver extracts was demonstrated first by Jaenicke and Green- 
berg et al. (3-5). The present paper describes the spectrophotometric 
assay, partial purification, and properties of this dehydrogenase. 


* This work has been supported by a grant from the Life Insurance Medical Re- 
search Fund. A preliminary report was presented at the Forty-seventh meeting of 
the American Society of Biological Chemists at Atlantic City, April, 1956 (1). 

Paper II in the series, ‘‘Folic acid coenzymes and active one-carbon units.’”’ For 
Paper I, see Huennekens et al. (2). 

t A portion of this material is taken from the dissertation of Youssef Hatefi, of- 
fered in partial fulfilment of the requirements for the degree of Doctor of Phi- 
losophy. Present address, Institute for Enzyme Research, University of Wisconsin. 

t Research Fellow of the National Institute of Arthritis and Metabolic Diseases, 
Public Health Service. 

!The following abbreviations will be used: FH,, 5,6,7,8-tetrahydrofolie acid; 
N°-formyl tetrahydrofolic acid (folinie acid); N!°-formyl tetrahydro- 
folic acid; f*!°FH,, N®-N!°-methenyl derivative of FH, (anhydroleucovorin); hFH,, 
hydroxymethyl tetrahydrofolic acid (positions of the —CH.OH group on FH, not 
specified); TPN, TPNH, DPN, DPNH, oxidized and reduced tri- and diphosphopyri- 
dine nucleotides; PyP, pyridoxal phosphate; ATP, adenosine triphosphate; PCMB, 
p-chloromercuribenzoate; PCMPS, p-chloromercuriphenylsulfonic acid; GSH, GSSG, 
reduced and oxidized glutathione. 
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EXPERIMENTAL 


Materials—GSSG was obtained from the Schwarz Laboratories, Inc., 
PCMB and PCMPS from the Sigma Chemical Company, and folic acid 
from the California Foundation for Biochemical Research. Calcium phos- 
phate gel was prepared by the method of Keilin and Hartree (6). f*FH, 
and f*!°FH, were generously provided by Dr. E. L. R. Stokstad of the 
Lederle Laboratories Division, American Cyanamid Company. /f*!°FH, 
was converted quantitatively to f!°FH, by treatment with dilute base in 
the presence of 2-mercaptoethanol to prevent oxidation of the product (7). 
All other chemicals were obtained from the sources mentioned in Paper I 
of this series (2). 

FH, was prepared by the catalytic hydrogenation of folic acid suspended 
in glacial acetic acid (8), essentially according to the method of O’Dell 
et al. (9). After hydrogenation was complete, the solution was trans- 
ferred to a dry box in an atmosphere of N2 and filtered directly into a flask 
which was immersed in a mixture of dry ice and acetone. The flask con- 
tents were then lyophilized to yield a white, fluffy preparation of FH,. 

Preparations—Beef liver acetone powder extracts and Dowex-treated ex- 
tracts were prepared as described previously (2). Extracts of pigeon 
liver acetone powder were prepared in an identical manner, except that 


high speed centrifugation (10,000 X g for 20 minutes) was necessary to. 


obtain clear solutions. Unless otherwise specified, beef liver preparations 
were used in all experiments reported in this paper. 

Partial purification of the hFH, dehydrogenase was carried out as fol- 
lows: 100 ml. of beef liver extract were adjusted to pH 6.2 with 1 N acetic 
acid, and the precipitate, obtained after centrifugation at 2300 X g (Inter- 
national refrigerated centrifuge, model PR-1) for 10 minutes, was dis- 
carded. The supernatant fluid was treated with 20 ml. of calcium phos- 
phate gel (30 mg. per ml.), the pH being maintained at 6.2, and, after 
gentle mechanical stirring for 5 minutes, the gel was recovered by centrif- 
ugation. After the gel was washed three times by suspension and centrif- 
ugation with 50 ml. of water, the enzyme was eluted successively with 30 
and 20 ml. of 0.1 mM phosphate buffer, pH 7.5. 

The activity of the partially purified enzyme declined rapidly during 
storage at 0—5°, or at —20°, in contrast to the original extract which was 
stable over a period of several weeks when stored in the frozen state. 
Addition of glycerol (33 per cent v/v) to the purified preparation largely 
prevents the deterioration upon storage. 

TPNH oxidase? was isolated from brewers’ yeast by the method of 
Green et al. (10). 

2 Unpublished results from this laboratory have shown that the flavoprotein iso- 


lated by Green et al. (10) is a TPNH oxidase (or diaphorase), which requires methy]- 
ene blue as an electron carrier. 
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Methods—-The manometric assay system was identical to that described 
previously (2), except for the omission of ATP and the addition of TPN 
(0.6 umole) and FH, (0.65 umole). The spectrophotometric assay system 
for TPN reduction (Equation 2 in the forward direction) consisted of the 
following components: 10 uwmoles of L-serine (or 5 umoles of HCHO), 0.6 
ymole of pL-FH,,? 0.6 umole of TPN, 100 umoles of sodium phosphate 
buffer, pH 7.5, 0.2 ml. of extract or 0.05 ml. of partially purified enzyme, 
and water to make 3.0 ml. For assay of the DPN-linked HCHO dehydro- 
genase (11), the cuvettes contained 5 wmoles of HCHO, 0.75 umole of 
DPN, 10 umoles of GSH, 100 uwmoles of phosphate buffer, pH 7.5, 0.2 ml. 
of extract, and water to make 3.0 ml. Blanks were identical except for 
the omission of substrate. For measuring the reaction represented by 
Equation 2 in reverse, the following components were used: | ywmole of 
pi-f!°F Hy, 0.55 umole of TPNH, 150 uwmoles of phosphate buffer, pH 7.5, 
10 umoles of 2-mercaptoethanol, 0.2 ml. of enzyme, and water to make 3.0 
ml. The blank was identical except for the omission of f'°FH,. 

Spectrophotometric experiments were carried out at 340 my in 1 em. 
Corex cells in the Beckman DU spectrophotometer. The extinction co- 
eficient for TPNH or DPNH at 340 my was taken as 6.22 & 10° sq. cm. 
per mole (12). 

f'°FH, was estimated by conversion to f>!®FH, upon acidification and 
was measured spectrophotometrically at 350 my, with an extinction co- 
efficient of 22.0 X 10° sq. em. per mole (13). 


RESULTS AND DISCUSSION 


Reduction of TPN with Serine—As shown in Fig. 1, the enzyme prepara- 
tion was able to catalyze the reduction of TPN in the presence of L-serine. 
Under the same conditions, glycine failed to reduce TPN. This indicated 
that the 1-carbon fragment, derived from the B-carbon of serine (ef. Equa- 
tion 1), was the actual substrate for the oxidation shown in Equation 2. 
These results are consistent with our previous data (2). 

In Fig. 1, evidence is presented also that the increase in light absorption 
at 340 my is due actually to the production of TPNH. After the reaction 
had been allowed to proceed nearly to completion, a purified TPNH oxi- 
dase preparation, isolated from yeast, and methylene blue were added at 
the time indicated by the arrow, and the subsequent decline in light absorp- 
tion was noted. The same experiment was repeated, except that GSSG 
was added at the arrow and the rapid disappearance of TPNH was again 
observed, due to the action of endogenous glutathione reductase (¢f. Equa- 
tion 3). 

GSSG + TPNH + H* — 2GSH + TPN (3) 


*FH,, prepared chemically by the hydrogenation of folic acid, is a DL mixture, 
owing to the asymmetric carbon atom at the 6 position. 
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Reduction of TPN with Formaldehyde—Recently, Kisliuk (14) and 
Jaenicke (5) have shown that HCHO and FH, react together to form hFH, 
(cf. Equation 4) 


HCHO + FH, — hFH, (4) 


which serves as the cosubstrate with glycine for serine biosynthesis, 1.¢. 
Equation 1 in reverse. It was anticipated, therefore, that HCHO, in the 
presence of added FH,, would replace serine as a substrate for the TPN- 


0.400- 


3} 


A at 340 mu 


10 20 30 40 50 
TIME (MIN.) 


Fic. 1. TPN reduction with serine. Standard spectrophotometric assay system, 
except that FH, was omitted and the enzyme was not pretreated with Dowex 1. 
The following additions were made to two identical experiments at the time indicated 
by arrows: O, 0.4 ml. of TPNH oxidase and 0.1 ml. of 0.01 per cent methylene blue; 
@, 5umoles of GSSG. 


linked hFH, dehydrogenase. In a typical experiment, in which the proto- 
col for Fig. 1 was used, 0.25 and 0.13 wmoles of TPNH were produced in 
20 minutes when serine and HCHO, respectively, were used as substrates. 
The activity with HCHO as a substrate is somewhat lower than that with 
serine, indicating either that excess HCHO inhibits the dehydrogenase 
reaction or that the combination of HCHO and FH, is the rate-limiting 
step. 

With serine as a substrate, TPN cannot be replaced by DPN. A more 
complex situation obtains, however, when HCHO is used as a substrate, 
since, in addition to the TPN-linked hFH, dehydrogenase, the crude en- 
zyme preparation contains the DPN-linked, GSH-requiring HCHO dehy- 
drogenase, described previously by Strittmatter and Ball (11). Treat- 
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ment, of the crude extract with calcium phosphate gel (see ‘‘Experimental’’) 
largely removes the DPN-linked enzyme. 

In Dowex-treated enzyme preparations, the reduction of TPN with 
either serine or HCHO as substrate is absolutely dependent upon added 
FH, (see below). Also, as discussed below, the addition of graded 
amounts of PCMPS to the system produces essentially the same degree of 
inhibition of TPN reduction whether serine or HCHO is used as substrate. 
Thus, although serine and HCHO are each one step removed from the 
dehydrogenase reaction, it seems reasonable to assume that each gives 


TABLE I 
Requirement for PyP and FH, 
TPNH 
Experiment No. Additions O: uptake 
A log Io/I 

microatoms 

I None 0.268 7.6 

PyP 0.449 14.0 

II None 0.016 2.4 

FH, 0.720 18.2 


Standard assay systems. Experiment I, enzyme pretreated with semicarbazide 
(see Huennekens et al. (2) for the details), and 0.04 wmole of PyP was added as indi- 
cated. Duration of spectrophotometric experiment, 60 minutes; manometric ex- 
periment, 600 minutes. Experiment II, enzyme pretreated with Dowex 1, and 0.65 
umole of FH, was added as indicated. Duration of spectrophotometric experiment, 
30 minutes; manometric experiment, 250 minutes. 


rise to the common intermediate, hFH, (via reactions of Equations 1 and 
4), which is the actual substrate for the dehydrogenase reaction (Equation 
2). Until hFH, becomes readily available in purified form, serine or 
HCHO remains as the only convenient source of the actual substrate for 
the hFH, dehydrogenase. 

Cofactor Requirements for Coupled System—The requirement for pyri- 
doxal phosphate in the serine hydroxymethylase reaction (Equation 1), 
previously demonstrated by the manometric assay, could be shown as well 
in the spectrophotometric system wherein the hydroxymethylase again is 
coupled with the dehydrogenase (cf. Table I). As before (2), the enzyme 
was pretreated by dialysis against semicarbazide to remove, or inactivate, 
the bound PyP. Approximately the same percentage stimulation with 
added PyP is observed in both the manometric and spectrophotometric 
test systems. 

In a similar manner, the requirement for FH,, the other cofactor in 
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Equation 1, is demonstrated by parallel manometric and spectrophoto- 
metric assays (cf. Table 1). The dependence of reaction velocity upon 
concentration of FH, in the spectrophotometric system is illustrated in 
Fig. 2. From a Lineweaver-Burk double reciprocal plot of these data 
(see the inset in Fig. 2), the Michaelis constant (A,,) for pL-FH, is caleu- 
lated to be 2.7 K 10-> m. The value for the active isomer* would be 1.4 x 
10-5 m. It should be noted that the A,, for FH, in our system is of the 


.800- 


600- 
.400- 
Wy 
200- 


50 100 150x105 
Conc.)~! 
5 10 15 20. 25xI0-5M. 
FHa Conc. 

Fic. 2. Effect of FH, concentration. Standard assay system, with a Dowex- 
treated enzyme and varying amounts of pL-FH,, as indicated. The optical density 
change (A log Jo/7) at 340 my was taken over the first 10 minute period after addition 
of enzyme. In the absence of added FH,, the blank had a value of 0.005. Inset, 
double reciprocal plot of FH, concentration (abscissa) versus A log Io/I (ordinate). 


same order of magnitude as that calculated from the results reported by 
Alexander and Greenberg (15) for the serine hydroxymethylase from 
sheep liver (K,, & 6.7 K 10-5 m). The A,, value for FH, in Equation 4 
has not been determined, since it is not yet known whether the reaction 
is chemical,* enzymatic, or a combination of both. The absolute require- 
ment for FH, in Equation 4 can be demonstrated, however, by experiments 
analogous to those in Table I. With HCHO as substrate for the coupled 
reactions of Equations 2 and 4, changes in optical density of 0.289 and 

4 It has been shown that HCHO and FH, interact rapidly to form a complex spec- 


troscopically similar to hFH, prepared enzymatically by a reversal of Equation 2 
(M. J. Osborn, P. T. Talbert, and F. M. Huennekens, unpublished observations). 
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0.009 were obtained in 20 minutes in the presence and the absence of added 

Product of Dehydrogenase Reaction—-Vhe product of the hk} H, dehydro- 
genase reaction, written as CHO—-FH, in Equation 2, was identified pre- 
viously (3-5) and confirmed in this investigation as the N'°-formy]l isomer 
of KF Hy. At the conclusion of a typical reaction (see the protocol for 
lig. 1), the solutions in the blank and experimental cuvettes were depro- 
teinized by treatment with cold perchloric acid to a final concentration of 
3 per cent. With the protein-free filtrates, the absorption spectrum of the 
experimental sample was determined relative to the blank. A single 
absorption band was observed, centered at 350 my. It should be noted 
that the original absorption of TPNH at 340 muy is completely destroyed 
upon acidification. Iurthermore, the addition of GSSG to the reaction 
mixture before acidification discharges the TPNH via the glutathione 
reductase reaction (cf. Equation 3) and results in a solution having es- 
sentially no absorption between 300 and 400 my before acidification. 
When this latter solution is acidified, the band at 350 my again appears. 
Since it has been shown by other investigators (7, 13) that the bridge 
compound f*!°FH, (Amax at 350 my) is produced immediately upon acidifi- 
cation of f!°F H,4, but only very slowly from f®*FH, (cf. Equation 5), it would 
appear that the 


+ 
f°FH, fo OPH, foFH, (5) 
Slow Fast 


product of the hFH, dehydrogenase reaction is the N!°-formyl isomer of 
FHsg. 

The amount of f!°FH, at the completion of a reaction (calculated from 
the known extinction coefficient of f°-!°FH,) was always considerably less 
than the amount of TPNH, as shown by two separate experiments (Ex- 
periments 1 and 2, Table I1). This effect has been shown to be referable 
to the action of an f!°Ff H, deacylase (cf. Equation 6) 


f°FH, + H.O — HCOOH + FH, (6) 


present in beef liver preparations. ‘The properties of this enzyme will be 
discussed in a separate communication. In pigeon liver preparations 
from which the deacylase is absent, there is an exact stoichiometry between 
the amount of f'*FH, and TPNH (cf. Experiments 3 and 4, Table II). 

Because pigeon liver extracts are devoid of f!®*FH, deacylase activity, 
thus permitting the accumulation of f!°FH,, it is possible to demonstrate 
the effect of FH, upon the equilibrium of the coupled reaction involving 
serine hydroxymethylase and hl'H, dehydrogenase. [or the experiment 
illustrated in Fig. 3, a Dowex-treated pigeon liver extract was used and 
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TPNH production was measured. Initially L-serine, TPN, and buffer 
were present; other substances were added at the times indicated by the 
arrows. When both FH, and enzyme were added, TPNH production was 
observed until an equilibrium is reached. Addition of fresh enzyme did 


TABLE II 
Stoichiometry of f©FH, and TPNH 
Experiment No. Enzyme* 4 TPNH Af °F Hat 
1 Beef liver 0.23 0.09 
2 ” 0.42 0.05 
3 Pigeon liver 0.51 0.49 
4 0.08 0.10 


Four separate representative enzyme preparations were tested by using the stand- 
ard spectrophotometric assay system with the addition of 10 wmoles of 2-mercapto- 
ethanol. | 

* Dowex-treated. 

Estimated as f>°FH,. 


‘ 15 30 45 
FH, E Minutes 


Fia. 3. Effect of FH, upon equilibrium of coupled reaction. The experimental 
cuvette contained 10 wmoles of L-serine, 1.2 zmoles of TPN, 150 wmoles of phosphate 
buffer, pH 7.5, 10 wmoles of 2-mercaptoethanol, and water to make 2.6 ml. At the 
indicated points, the following additions were made: 0.03 ml. of enzyme (£) and 1.2 
wmoles of wL-Serine was omitted from the blank. 


not appreciably alter the optical density reading. However, addition of a 
second increment of FH, (equal to the amount originally added) again 
initiated the reaction and produced approximately the same amount of 
TPNH. At the conclusion of the experiment, it could be calculated from 
the net optical density change that a total of 0.51 umole of TPNH had 
been formed. The amount of f!°FH,, determined as f*°I'H,y, was found 
to be 0.49 umole. 
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In order to determine whether the dehydrogenation was readily reversi- 
ble and to obtain further evidence for the involvement of the N'°-formyl] 
isomer in Equation 2, a spectrophotometric study was made of the con- 
version of TPNH to TPN in the presence of f'!°F Hy (see ““Experimental’’). 
In two separate experiments, 0.082 and 0.077 umoles of TPNH disappeared 
in 30 minutes in the experimental cuvettes relative to the blank. Under 
the same conditions, f>f H, was unable to bring about any net disappear- 
ance of TPNH. This experiment, in addition to the previous demon- 
stration that f'°FH, rather than f*FH, is the product of the hk H, dehy- 
drogenase reaction, would strongly suggest that the substrate for the 
enzyme is the N!°-hydroxymethyl isomer of FH, rather than the N° isomer.® 
However, final elucidation of this must await the unambiguous chemical] 


TaBLeE III 
Inhibition by p-Chloromercuriphenyl Sulfonate 
Substrate 
Inhibitor added Serine HCHO 
TPNH formed | Inhibition TPNH formed | Inhibition 

pmole umole per cent pmole per cent 
None 0.14 0.15 

0.2 0.04 72 0.05 67 

0.6 0.00 100 0.00 100 


Standard spectrophotometric assay systems with amount of inhibitor added as 
indicated. Time of experiment, 30 minutes. 


synthesis of the two hydroxymethyl! isomers and their assay with a puri- 
fied hl’ H, dehydrogenase. 

Inhibition by p-Chloromercuriphenyl Sulfonate—The hFH, dehydro- 
genase system, as represented by Equations | and 2 or Equations 4 and 2, 
contains a sensitive essential thiol group, as shown by the following data. 
After dialysis of the enzyme against 1 X 10-* m PCMB, followed by dial- 
ysis against phosphate buffer, TPN reduction in the presence of serine 
was completely abolished and was not restored by the addition of GSH 
to the assay system. A control experiment, wherein the enzyme prepa- 
ration was dialyzed for the same period of time against only phosphate 
buffer, showed no loss of activity due to prolonged dialysis. The same 
inhibitory effect could be shown also by the direct addition of PCMPS to 


5 Note added in proof. Recent experiments have shown that when the dehydro- 
genase is freed from the contaminating enzyme cyclohydrolase (16), which carries 
out the reaction, + H,O=— f!°FH, + H*, Hy, rather than f!°FH,, is the 
reaction product; conversely, only f*-!°F H, serves as substrate for reversal of the de- 
hydrogenase under these conditions. 
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the assay system (Table III). Parallel experiments were carried out with 
serine and HCHO as substrates in the presence and absence of inhibitor. 
Essentially the same degree of inhibition for each substrate was observed 
with the variation in the amount of inhibitor. This experiment suggests 
that PCMPS inhibition occurs at a site common to the pathway of both 
substrates, t.e. the dehydrogenase. 

The above evidence offers an additional point of differentiation between 
the TPN-linked hFH, dehydrogenase and the DPN-linked HCHO dehy- 
drogenase of Strittmatter and Ball (11). Although the latter enzyme 
in highly purified form requires GSH as a cofactor, we have found that, 
in crude enzyme preparations, presumably containing endogenous or 
bound GSH, the enzyme is not stimulated appreciably by added GSH. 
Under conditions of Table III, the addition of PCMPS, at low levels (0.6 
umole) which caused complete inhibition of the TPN-linked enzyme, did 
not cause any inhibition of the DPN-linked counterpart. The latter 
enzyme could be inhibited, however, by higher levels of PCMPS. Thus, 
the inhibition experiments provide an additional means of distinguishing 
between the two formaldehyde dehydrogenases, whose mechanisms may 
be represented by the following schemes 


DPN DPNH 
| GSH 
HO—C—OH + HO—C—SG > 
| 
H H 
H.O 
O—=C—SG » HCOOH + GSH 


Formaldehyde dehydrogenase 


TPN TPNH 
FH, | 
HO—C—OH > HO—C—FH, > 
H H 
FH, 
Serine 
O=—=C—FH, > HCOOH + FH, 


H 
Hfydroxymethy] tetrahydrofolic dehydrogenase 


| 
H 


‘ith 
Lor. 
ved 
oth 


een 
hy- 
me 
iat, 

or 
SH. 
0.6 
did 
Lter 
1US, 
ing 
nay 


iSH 


FH, 


HATEF1, OSBORN, KAY, AND HUENNEKENS 647 


The authors are indebted to Dr. P. T. Talbert and Dr. H. R. Whiteley 
for many stimulating discussions and to Mrs. Enid Vercamer for her 
capable assistance on this problem. 


SUMMARY 


1. Hydroxymethyl tetrahydrofolic dehydrogenase has been studied in 
soluble preparations obtained from beef liver acetone powders. Partial 
purification of the enzyme was achieved by means of precipitation at pH 
6.2 and by adsorption and elution from calcium phosphate gel. 

2. The enzyme catalyzes the reduction of triphosphopyridine nucleo- 
tide (but not diphosphopyridine nucleotide) in the presence of the sub- 
strate, hydroxymethyl tetrahydrofolate, which may be generated (1) 
from L-serine and tetrahydrofolic acid with use of the enzyme, serine 
hydroxymethylase, or (2) from formaldehyde and tetrahydrofolic acid. 
The product is N!°-formyl] tetrahydrofolic acid, and the reaction is readily 
reversible. 

3. The enzyme is inhibited by p-chloromercuriphenyl! sulfonate, indi- 
cating the presence of an essential thiol group. 
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The enzymatic synthesis of 3-hydroxykynurenine from L-kynurenine by 
liver and kidney mitochondria was recently demonstrated (1). This 
o-aminophenol is reported to be an intermediate in the conversion of tryp- 
tophan to niacin (2, 3), is a precursor of xanthurenic acid (4), and leads to 
the formation of pigments in insects (5, 6). In certain human patholog- 
ical conditions it is excreted in elevated amounts in the urine (7, 8) and 
has been isolated from the urine of patients with hemoblastic disease but 
was not detected in normal urine (8). 3-Hydroxykynurenine and 3-hy- 
droxyanthranilic acid were recently reported to be present in greater than 
normal amounts in the urine of patients with bladder cancer (9), and 3-hy- 
droxyanthranilic acid was carcinogenic when implanted into the bladders 
of mice (10). 

In the development of quantitative ion exchange column procedures for 
the determination of tryptophan metabolites in urine (11), the kynurenine 
fractions frequently became yellow upon addition of nitrite, and paper 
chromatograms of these fractions revealed a yellowish green fluorescent 
spot corresponding to 3-hydroxykynurenine. These observations pro- 
vided the basis for the development of a method for the determination of 
3-hydroxykynurenine in human urine without the use of additional col- 
umn procedures. The method of determination depends upon the in- 
crease in yellow color of 3-hydroxykynurenine in the presence of nitrous 
acid and is similar in principle to the method recently described by Ina- 
gami (12) for the determination of 3-hydroxykynurenine in silkworms 
except that ion exchange chromatography is used to remove interfering 
chromogens. The ion exchange procedure was used on a larger scale to 
isolate 3-hydroxykynurenine in good yield from urine of patients who ex- 
creted large quantities of 3-hydroxykynurenine. 


EXPERIMENTAL 


The materials and apparatus used were those described previously (11). 
3-Hydroxy-pL-kynurenine was kindly supplied by Dr. L. M. Henderson. 
* Supported in part by grants from the American Cancer Society, upon recommen- 


dation of the Committee on Growth of the National Research Council, and the 
Damon Runyon Memorial Fund for Cancer Research, Inc. 
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Most of the urine samples used for the isolation of 3-hydroxykynurenine 
were from patients ingesting isoniazid for another study (13). 

Determination of 3-Hydroxykynurenine—Fraction E (kynurenine frac- 
tion) was obtained as previously described (11). To determine the re- 
covery of 3-hydroxykynurenine from the column, an additional column 
was used to which was applied a duplicate urine sample with 400 to 800 y 
of hydroxykynurenine added. 3.0 ml. of Fraction E were pipetted into 
each of three colorimeter tubes, and 0.2 ml. of 0.25 per cent NaNOzs was 
added to Tubes 2 and 3. 3 minutes after mixing the nitrite, 0.2 ml. of 10 
per cent ammonium sulfamate was added to all of the tubes. The first 
tube was then made to the same volume as the others by the addition of 
0.2 ml. of water. The optical density at 367 mu was then measured in a 
modified Beckman DU spectrophotometer by using the first tube as a 
blank. A standard curve was run at the same time with hydroxykynurenine 
in 5 N HCl (10 to 40 y per tube). From the standard curve, the column 
recovery and the mg. per 24 hour urine sample were calculated. 

Isolation of 3-Hydroxy-u-kynurenine from Urine—-Patients receiving 
large doses of isoniazid were shown to excrete large amounts of hydroxy- 
kynurenine, especially after oral supplementation with 2.0 gm. of L-tryp- 
tophan (13). From one to four 24 hour urines from such subjects, after 
ingestion of 2.0 gm. of L-tryptophan, were pooled, acidified to 0.1 N with 
HCl, and passed through a column of Dowex 50 (H*) 5.5 em. in diameter 
and 11 em. long. The sample was followed by 11 liters of 0.5 N HCl and 
then by 50 liters of water. This large volume of water was shown to re- 
move certain quinoline derivatives (14). The column was then washed 
with 2.8 liter volumes of 1.0 N, 2.4 nN, and 5.0 n HCl. The last fraction 
contained the hydroxykynurenine and gave a strong yellow color reaction 
with sodium nitrite. This fraction was vacuum-distilled to dryness at 
25° to 30° under nitrogen, and the sticky brown residue was dissolved in 
5 to10 ml. of 0.1 N HCl. A fewmg. of charcoal and of (ethylenedinitrilo)- 
tetraacetic acid were added, and the suspension was filtered. Upon ad- 
justing the filtrate to pH 3.5 with saturated sodium acetate solution, golden 
yellow needles of 3-hydroxykynurenine appeared. The product was al- 
lowed to stand in the refrigerator for a few hours before the crystals were 
centrifuged, washed with a small volume of water, redissolved in a few ml. 
of 0.5 Nn HCl, and then treated with charcoal and (ethylenedinitrilo)tetra- 
acetic acid before reprecipitation at pH 3.5. The yield at this point was 
60 to 65 per cent of the total hydroxykynurenine present in the urine as 
indicated by the analytical method described above. An additional 5 to 
10 per cent could be obtained by concentration of the mother liquors. 
The use of (ethylenedinitrilo)tetraacetic acid with charcoal was found to 
remove colored impurities more effectively than either one alone. 

Paper chromatograms of these products usually indicated the presence 
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of traces of kynurenine which could not be removed by recrystallization 
under any of several different conditions. The kynurenine could be re- 
moved as its sucrose complex (15) under conditions similar to those de- 
scribed by Weichert (16) for the resolution of deoxy-pt-kynurenine. 100 
mg. of the impure hydroxykynurenine and 1.2 gm. of sucrose were dis- 
solved in 12 ml. of water with slight warming. Absolute ethanol (200 
ml.) was added to this solution and the stoppered flask was allowed to 
stand at —15° for 1 week. The small crystals which formed on the walls 
of the flask were removed by filtration, and the filtrate was acidified with 
HCl and vacuum-distilled under nitrogen to a thick sirup. This was dis- 
solved in a total of 6 ml. of water and adjusted to pH 3.5 with sodium ace- 
tate solution. The crystals were washed with a few drops of water and 
ethanol and dried (weight, 73 mg.). Paper chromatograms of the product 
showed a single spot which corresponded to the faster moving component 
of 3-hydroxy-pL-kynurenine (17). For analysis, this product was recrys- 
tallized from 70 per cent ethanol and dried to constant weight in vacuo at 
60° over P.Os. 


RESULTS AND DISCUSSION 


The absorption spectra of the isolated 3-hydroxykynurenine in phosphate 
buffers at pH 2.0, 7.4, and 12.0 were identical with those of synthetic 3-hy- 
droxy-pL-kynurenine at all wave lengths between 210 and 500 mu. 


CioHi1204.N2. Calculated. C 53.57, H 5.40, N 12.50 
Found.! ** 53.64, 5.10, 12.35 


The specific rotation of a 0.17 per cent solution in water was [a]2’ —34.0°. 
The addition of 2 equivalents of hydrochloric acid changed the specific 
rotation to +8.5°. 

The method for the determination of hydroxykynurenine gave a linear 
standard curve for concentrations of from 1 to 33 y per ml. The recovery 
of added hydroxykynurenine from the ion exchange columns averaged 
96.7 per cent for thirty-seven consecutive determinations (range, 83 to 
119 per cent). The other known components of Fraction E, which include 
kynurenine, kynurenic acid, and xanthurenic acid, did not interfere with 
the determination. The use of this method in connection with the meth- 
ods previously described for other tryptophan metabolites (11) makes 
possible the routine determination of 3-hydroxykynurenine in urine with 
little additional effort. Under certain conditions this compound has been 
found to be the chief urinary metabolite of tryptophan (13). 

The analytical method indicated that normal human subjects excreted 
| to 6 mg. of hydroxykynurenine per 24 hours, in good agreement with the 


' Analyses by Clark Microanalytical Laboratory, 1044 West Main Street, Urbana, 
Illinois. 
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values reported by Boyland and Williams (9). In the 24 hour period fol- 
lowing a test dose of 2.0 gm. of L-tryptophan, normal subjects excreted 5 
to 14mg. It was possible to isolate as much as 70 per cent of the amount 
of hydroxykynurenine reported by the analytical method when large 
amounts were present in the urine. This suggested that the method is 
reasonably accurate. Attempts to isolate the compound from urine of 
normal, unsupplemented subjects were not successful, although its pres- 
ence was readily detected by paper chromatography of concentrates of 
Fraction E. 


SUMMARY 


A method was described for the determination of 3-hydroxykynurenine 
in urine based on the increase in color caused by the addition of nitrite to 
a sample of urine previously purified by ion exchange chromatography. 
The method indicated that normal human subjects excrete 1 to 6 mg. of 
hydroxykynurenine per day and 5 to 14 mg. in the 24 hours after the in- 
gestion of 2.0 gm. of L-tryptophan. ‘The ion exchange procedure was used 
on a larger scale to isolate 3-hydroxy-L-kynurenine from the urine of pa- 
tients who excreted large amounts of this compound. 


The author is indebted to Dr. J. M. Price and Mrs. M. L. Bryan for 
valuable advice and assistance during these studies. 
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d5 RELATION OF URIC ACID METABOLISM TO RELEASE 
unt OF IRON FROM HEPATIC FERRITIN* 
ry By SAUL GREEN anv ABRAHAM MAZUR 
of (From the Department of Medicine, Cornell University Medical College, and 
ng The New York Hospital, New York, New York) 
; of (Received for publication, February 8, 1957) 
In a previous study (1) we observed a marked increase in plasma iron of 

dogs subjected to drastic hypotension in the course of fatal experimental 
ran hemorrhagic shock. It was suggested that the origin of the increased 
er plasma iron was storage ferritin of the liver and that the stimulus for its 
shy. release was liver hypoxia. Anaerobic incubation of ferritin with liver slices 
» resulted in an increase of its ferrous iron content which was now capable 


of dissociation for combination with iron-binding agents such as a,a’-di- 
onl pyridyl or the plasma iron-binding protein. 
In the present study the mechanism of ferritin iron reduction and the 


a- 
" nature of the compounds involved in this reaction have been investigated. 
It has been found that anaerobic rat liver slices produce large quantities 
hoe of uric acid, hypoxanthine, and xanthine, which are freely diffusible into 


the medium. Of these compounds, only uric acid reduces ferritin iron 
directly. However, in the presence of ferritin, the oxidation of hypoxan- 
thine or of xanthine by xanthine oxidase takes place anaerobically; in this 
294 | reaction ferritin acts as an electron acceptor and its iron is reduced to the 
ferrous state. The reduction of ferritin iron is, therefore, brought about 
both by the dehydrogenase activity of xanthine oxidase and by the accu- 
56). | mulated uric acid formed by this enzyme. 


EXPERIMENTAL 


Crystalline horse spleen ferritin was prepared by a method described in 
previous studies (2). All tissues used were from Wistar strain female rats, 
weighing 150 to 200 gm. Tissue slices were prepared as for the usual micro- 
respiration studies, with the exception that the organs were first perfused 
in situ with ice-cold Ringer-phosphate solution. In the case of the small 
956). | Intestine, the contents were washed with cold Ringer-phosphate solution, 
the intestine was cut longitudinally and washed again, and then cut into 
small strips before being weighed. For incubation experiments, 1.0 gm. 


955). * Aided by grants from the Josiah Macy, Jr., Foundation, the National Institutes 
of Health, United States Public Health Service (grant No. H-1934), and the Office of 
the Surgeon General of the Army (contract No. DA-49-007-MD-388). 

A preliminary report of this work appeared (Science, 124, 1149 (1956)). 
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of liver slices, 0.5 gm. of kidney cortex slices, 0.25 gm. of spleen slices, 
or 0.5 gm. of intestinal strips was incubated in 50 ml. Erlenmeyer flasks 
with 5 ml. of Ringer’s phosphate at 37° with continuous shaking. 

Uric acid, xanthine (sodium), and hypoxanthine were obtained from 
the Schwarz Laboratories, Inc. Uricase (assaying 125 units per ml.) and 
milk xanthine oxidase (assaying 15,000 units per ml.) were partially puri- 
fied preparations from the Worthington Biochemical Corporation, and 
catalase was a crystalline preparation from the same source and assayed 
5000 units per ml. Reduced triphosphopyridine nucleotide (TPNH) cyto- 
chrome c reductase was a gift from Dr. B. Horecker. TPN, glucose 6- 
phosphate, and glucose-6-phosphate dehydrogenase were obtained from 
the Sigma Chemical Company. Calf liver xanthine oxidase was a par- 
tially purified preparation made according to Kielley (3). 2-Amino-4- 
hydroxy-6-pteridine aldehyde was a gift from the American Cyanamid 
Company. 

Measurements of Fe*+*+ in Ferritin—Fet** in ferritin was not measured 
quantitatively, but instead the amount of Fe+*+ bound by a,a’-dipyridy!| 
was determined colorimetrically. The amount of Fe** of ferritin which is 
bound by dipyridyl represents a comparative measure of its Fe+* content 
and varies with the concentration of the ferritin and the pH of the solu- 
tion (1); more Fe** is bound at acid pH than at neutral or slightly alkaline 
pH. In order to conserve ferritin during the following fractionation 
studies, the dipyridyl reaction was carried out at pH 4.6. For measure- 
ment of the reduction of ferritin iron, 1 ml. of a stock ferritin solution con- 
taining 6.0 mg. of total iron was added to 1 ml. of 1 M acetate buffer, pH 
4.6, and 1 ml. of 0.2 per cent a,a’-dipyridyl dissolved in water. 1 ml. of 
the solution to be tested for reducing activity was then added and the 
mixture incubated for 1 hour at 37°. 4 ml. of a saturated solution of am- 
monium sulfate, previously adjusted to pH 4.6 with sulfuric acid, were 
then added in order to precipitate the ferritin, and the mixture was centri- 
fuged. The clear, pink-colored supernatant solution, containing the Fe**- 
dipyridyl complex, was read in a Klett photocolorimeter, with use of a No. 
52 filter, against a blank solution which contained all the reagents except 
ferritin. Fe*+*+ content was calculated by comparison with a standard solu- 
tion of Fet+* treated with the same reagents. Reduction of ferritin iron 
at pH 7.4 was also measured by incubating 1 ml. of ferritin with 1 ml. of 
0.5 mM phosphate buffer, pH 7.4, 1 ml. of dipyridyl, and 1 ml. of the solu- 
tion to be tested for reducing activity. After 1 hour the reaction mixture 
was quickly treated with 6 ml. of an ice-cold solution containing 1 part 
acetate buffer, pH 4.6, and 5 parts saturated ammonium sulfate, and the 
entire mixture was centrifuged. The clear supernatant fluid was read in 
a colorimeter as above. 
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Preparation of Ferritin Iron-Reducing Substance from Rat Liver—Rat 
liver slices were incubated in the proportion of 1 gm. of slices to 5 ml. of 
Ringer-phosphate solution for varying periods of time in 100 per cent oxy- 
gen or nitrogen. ‘The media were freed from particulate matter by centri- 
fugation, heated in a water bath to 80°, and again clarified by centrifuga- 
tion. 1 ml. aliquots were added to 1 ml. of stock ferritin solution, and the 
mixture was assayed for Fet* at pH 4.6. The results (Table I) demon- 
strate that no reducing substance is present in the medium in which slices 
are incubated in oxygen, whereas increasing quantities of ferritin iron-re- 
ducing substance appear in the medium in which slices are incubated under 
anaerobic conditions. Most of the reducing activity appears within | hour. 


TABLE 
Formation of Ferritin Tron-Reducing Substance by Anaerobic Rat Liver Slices 
1 gm. liver slices were incubated with 5 ml. of Ringer-phosphate solution, pH 7.4, 
at 37°. Ferritin-ferrous iron measured at pH 4.6 after mixing 1 ml. of ferritin with 
I ml. of supernatant solution. Values for ferritin iron-reducing activity have been 
corrected by subtracting Fe** content of ferritin in the absence of reducing sub- 
stance, 


Ferritin iron reduced by 


Incubation time | Gas phase supernatant solution 
120 | Oxygen 0 

15 Nitrogen 3.2 
30 | - | 5.0 
60 oe | 7.0 
120 | 9 | 7.9 


Purification of Ferritin Tron-Reducing Substance—35 gm. of pooled rat 
liver slices were incubated in several flasks, with a total of 175 ml. of 
Ringer-phosphate solution, for 90 minutes in nitrogen. The cell-free 
supernatant fluid was heated to 80° and the coagulated proteins were 
removed by centrifugation. The clear solution (146 ml.) is called Fraction 
A in Table II, which lists the ferritin iron-reducing activity of this and 
subsequent fractions in terms of mg. of Fet*+ formed per mg. of total N 
in the fraction. Corrections were made in the calculations of total activity 
for aliquots removed for analyses. A recovery of more than 100 per cent 
in subsequent fractions suggests the presence of impurities in Fraction A 
which resulted in low values for ferritin iron reduction. 

Fraction A was treated with a 25 per cent solution of basic lead acetate 
(about 30 ml.), added dropwise, with constant stirring, until precipitation 
ceased. The mixture was allowed to stand overnight in the refrigerator, 
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was centrifuged, and the precipitate washed twice with 10 ml. each of 1 
per cent lead acetate solution. The solution and washings were dis- 
carded, since no ferritin iron-reducing activity could be demonstrated after 
removal of the lead with H.S and removal of the latter by concentration 
of the solution. The lead precipitate was extracted five times with 20 
ml. each of 0.2 Nn HCl and the combined extracts were centrifuged. The 
supernatant fluid was then treated with H.S, the PbS was filtered and the 
precipitate washed with 0.2 Nn HCl, and excess H.S was removed from the fil- 
trate by a stream of nitrogen. The filtrate was evaporated in vacuo to 
dryness at 35-45°, and the residue was taken up in a minimum of water. 
After neutralization with dilute NaOH and adjustment of the volume to 
10 ml., this fraction was labeled Fraction B. 

Fraction B was placed on a 2 X 12 cm. column of low porosity cation 
exchange resin (Dowex 50-X12, 50 to 100 mesh) on the H* cycle, and the 


TaBLe II 


Ferritin Iron-Reducing Activity and Uric Acid Content of Fractions 
Obtained during Purification Procedure 


Fraction Ferritin iron-reducing activity Uric acid content 
még. per mg. per mg. total N total mg. 
A 0.038 1.1 0.098 2.9 
B 0.410 1.6 0.668 2.6 
C 1.220 1.3 2.550 2.5 


column was washed with water (100 ml.) until the effluent was neutral to 
litmus paper. The solution was evaporated in vacuo as before, neutral- 
ized, and made to 10 ml. with water. The material adsorbed on the 
resin was eluted with 100 ml. of N NH,OH, evaporated to dryness, and 
dissolved in water. The first effluent, containing material not adsorbed 
by the resin, contained all of the reducing activity and is referred to as 
Fraction C. 

Identification of Ferritin Iron-Reducing Substance with Uric Acid—The 
reducing activity of Fraction C, calculated from the total nitrogen con- 
tent, had been concentrated thirty times. In qualitative tests, Fraction 
C gave a positive reaction with silver nitrate in alkaline solution and a 
blue color with the Folin phosphotungstic acid reagent, commonly used 
for the estimation of uric acid (4). The solution had an absorption spec- 
trum with a maximum identical with that of pure uric acid (Fig. 1). Treat- 
ment of aliquots of Fraction C with excess uricase resulted in the complete 
disappearance of the color reaction with the uric acid reagent, of the 
ferritin iron-reducing activity, and of the absorption maximum at 292 my. 
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To make certain that the purification procedure had not eliminated an- 
other reducing substance present in the original solution, Fraction A was 
treated with uricase with the same results as those given above for Frac- 
tion C. The values for each fraction in Table II therefore represent ‘‘true”’ 
uric acid content. 7 

Reduction of Ferritin Iron by Uric Acid—Although, during the isolation 
procedure, ferritin iron-reducing activity was measured at pH 4.6, reduc- 
tion by pure uric acid was now measured at both pH 4.6 and 7.4. With 
50 y of uric acid, at pH 7.4, the Fe** content of ferritin rose from 1.3 to 


Fraction 
e Uric acid 
124 © Fraction Uricase 
Pa 
S 8- 
x 
\ 
6- 
4- 
2° 


220 240 260 280 300 320 
WAVE LENGTH (my) 


Fic. 1. Absorption spectra of ferritin iron-reducing substance, urie acid, and fer- 
ritin iron-reducing substance after treatment with uricase. 


2.1 umoles per mmole of total ferritin iron; at pH 4.6, the increase was 
from 2.3 to 6.5. This difference reflects the greater availability, at the 
more acid pH, of ferritin-ferric iron for reduction. At both pH values 
the extent of reduction was found to vary with the quantity of uric acid 
added. 

Uric Acid Accumulation in Anaerobic Liver—To determine whether an 
over-all synthesis of uric acid had occurred in the anaerobic liver slice or 
whether that normally present in the tissue had merely diffused out of the 
slice under the influence of lowered oxygen tension (lowered permeability), 
aliquots of liver slices were prepared and incubated, one in nitrogen and 
another in oxygen, for 1 hour, as described above. In addition, a third 
(control) aliquot of slices was placed immediately in 10 ml. of boiling wa- 
ter for 1 minute. The heated tissue suspension was homogenized and the 
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cooled homogenate diluted with 0.1 m phosphate buffer, pH 7.4, to 25 ml. 
The incubated tissues were separated from their media, and each was 
treated as above. The media were also heated to boiling and aliquots of 
all specimens analyzed for uric acid as follows: Two equal aliquots of each 
sample were mixed separately with 2 ml. of 0.1 mM phosphate buffer, pH 
7.4. One aliquot was treated with 0.3 ml. of a 1:10 uricase solution and 
the other with an equal quantity of water. (This quantity of uricase had 
been shown in preliminary experiments to be far in excess of that required, 
at pH 7.4, to destroy all uric acid present.) Both solutions were made 
to 10 ml. with water and incubated for 1 hour with shaking at 37°. After 


TaBLeE III 
Uric Acid in Rat Tissues after Aerobic or Anaerobic Incubation 


The conditions are as described in the text. The values are expressed as micro- 
moles of urie acid per 100 gm. of wet tissue or equivalent of solution. 


— _ 


Incubation Fraction Liver Kidney Spleen a 

Control (no incubation) Tissue 12.4 4.1 25.0 32.2 
Oxygen Tissue 8.1 14.6 26.2 51.0 
Medium 0.0 142.0 155.5 377 .0 

| 8.1 | 156.6 | 181.7 | 4 428.0 
inne Tissue 14.5 7.0 | 23.7 
Medium 72.7 30.7 | 171.0 

| 87.2 | 37.7 194.7 


incubation, each solution was treated with 2 ml. of 10 per cent sodium 
tungstate and 1.8 ml. of N sulfuric acid, to stop the reaction and to remove 
protein. 10 ml. aliquots of the clear supernatant solutions obtained by 
centrifugation were mixed with 2.5 ml. of urea-cyanide reagent and 1 mil. 
of uric acid reagent, and the colors were compared after 30 minutes, in 
the Klett photocolorimeter, with that produced by a known quantity of 
uric acid treated in a similar fashion. A No. 66 filter was used. ‘The 
concentrations of “true” uric acid were calculated by subtracting the 
values due to reducing non-uric material remaining after uricase treatment 
from the totals. In this way the values were obtained for the uric acid 
content of control tissue, tissue and medium after oxygen incubation, and 
tissue and medium after nitrogen incubation. The results (Table ITD) 
demonstrate for the liver a marked accumulation of uri¢ acid in the anaer- 
obic slices. The extra uric acid was diffusible into the medium. 
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Effect of Oxygen Tension on Uric Acid Accumulation in Liver Slices— 
The relationship between oxygen tension and uric acid production by the 
liver 72 vitro was studied in a manner similar to that described above, 
except that the oxygen content of the gas phase was varied. After the 
incubation mixtures were heated to 80°, the clear supernatant media were 
analyzed. Accumulation of uric acid in liver slices occurred at oxygen 
tension of air (20 per cent) and increased markedly at lower tensions. 
Amounts of uric acid formed per 5 ml. of medium were 7 y at 20 per cent, 
35 y at 10 per cent, and 100 y at zero per cent oxygen (tank nitrogen). 


TaBLe IV 
Formation of Uric Acid and Hypozanthine Plus Xanthine during 
Aerobic or Anaerobic Incubation 
The conditions are as described in the text. The results are expressed as micro- 
moles per organ in the rat; wet weights of organs were 8.5 gm. of liver, 1.0 gm. of 
spleen, 2.2 gm. of kidneys, and 6.6 gm. of small intestine. 


Tissue No incubation Oxygen Nitrogen 

Liver 

Uric acid | 1.05 0.69 7.40 

Hypoxanthine + xanthine | 1.62 0.76 25.60 
Spleen | 

Uric acid 0.20 1.38 0.71 

Hypoxanthine + xanthine 0.22 | 0.29 2 
Kidneys | | 

Urie acid 0.09 | 3.45 | 0.83 

Hypoxanthine + xanthine 0.53 | 3.88 9.74 
Small intestine | 

Urie acid 2.13 | 28 .25 12.85 

Hypoxanthine + xanthine 3.26 | 3.46 23 .90 


Uric Acid Production in Other Rat Tissues—The accumulation of uric 
acid in kidney cortex, spleen, and small intestine was measured in both 
oxygen and nitrogen in a manner similar to that described above for liver. 
The data (Table III) show that uric acid is formed in these three tissues 
in the presence and the absence of oxygen. However, only in the liver 
does more uric acid accumulate anaerobically than aerobically. These 
results also reveal that aerobic conditions produce high uric acid levels 
per gm. of kidney, spleen, and especially intestine. ‘To show the relation- 
ship of these values in the whole animal, the results in Table IV have been 
calculated in terms of the contributions of whole wet weight organs. 

Anaerobic Accumulation of Hypoxanthine and Xanthine in Rat Tissues— 
Since, so far as is known, the formation of uric acid in rats is dependent 
upon oxidation, by xanthine oxidase, of hypoxanthine and xanthine, these 
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compounds were estimated in tissues treated as above. For these experi- 
ments, instead of analysis of the incubated tissue and medium separately, 
the entire incubation mixture was heated and homogenized, and aliquots 
were removed for analyses. The ‘‘true” uric acid content of one aliquot 
of the homogenate was determined by the uricase procedure. Two addi- 
tional aliquots were treated with excess xanthine oxidase to convert all of 
the xanthine and hypoxanthine to uric acid. After this, one sample was 
treated with excess uricase to destroy the uric acid present originally, as 
well as that formed from hypoxanthine and xanthine by the action of 
xanthine oxidase. The quantity of uric acid formed from the xanthine 
and hypoxanthine could now be calculated by subtraction of the original 
uric acid content and correction for any reducing material remaining after 
uricase treatment. Table IV shows that in all tissues anaerobiosis caused 
a marked increase in concentration of xanthine and hypoxanthine. To 
determine the relative amounts of hypoxanthine and xanthine present in 
liver, the spectrophotometric method of Kalckar (5) was employed in one 
experiment. They were found to be present in approximately equal quan- 
tities. 

Of the four tissues studied in the rat, uricase was found to be present 
only in the liver. Uricase activity was determined by the method of Leone 
(6) and was equal to 162 ul. of O2 per 100 mg. of wet weight of tissue per 
hour at 37°. 

Effect of Oxygen Tension on Uricase and Xanthine Oxidase Activities—In 
order to explore the factors influencing uric acid accumulation in anaerobic 
liver, the sensitivities of the enzymes involved in uric acid metabolism 
to lowered oxygen tension were measured with use of partially purified 
enzymes. In the uricase experiments, each flask contained 2 ml. of 0.1 
m glycine buffer, pH 9.4, 0.5 ml. of a 1:10 uricase solution, and 2.45 ml. 
of water. A neutralized solution of 60 y of uric acid in a volume of 0.5 
ml. was suspended, in a small plastic cup, from a rubber stopper which 
was also fitted with inlet and outlet tubes used for the appropriate gas 
mixture. After preliminary incubation for temperature and gas equilibra- 
tion, the inlet and outlet tubes were clamped and the cup containing uric 
acid was tipped into the reaction mixture. After 15 minutes, the reaction 
was stopped by addition of tungstate and sulfuric acid and the solution 
analyzed for uric acid, as described previously. In xanthine oxidase ex- 
periments, xanthine or hypoxanthine was used as substrate. Reaction 
mixtures contained 2 ml. of 0.1 per cent albumin in 0.1 m phosphate buffer, 
pH 7.4, 0.03 ml. of a 1:25 xanthine oxidase solution, and 2.72 ml. of water. 
The substrate, containing 250 y of hypoxanthine, or an equivalent quan- 
tity of xanthine, in 0.25 ml., was suspended in the plastic cup. The xan- 
thine reaction was allowed to continue for 15 minutes and the hypoxanthine 
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reaction for 75 minutes before analyses for uric acid were made. Fig. 2 
shows the relative activities of the enzymes at various oxygen tensions, 
with an activity of 100 representing that of the respective enzyme in 100 
per cent oxygen. Uricase is affected to a greater extent than xanthine 
oxidase as the oxygen tension is lowered. When xanthine is used as a 
substrate, xanthine oxidase activity is somewhat inhibited by oxygen ten- 
sions above 60 per cent. A similar inhibition of xanthine oxidase activity 
by high oxygen pressure has been reported by Stadie and Haugaard (7). 

Ferritin As Electron Acceptor for Xanthine Oxidase—Xanthine oxidase 
can act as a dehydrogenase in the presence of electron acceptors other than 


140- 


X.0. (Xanthine) 


X.0. (Hypoxanthine) 
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RELATIVE ENZYME ACTIVITY 
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PERCENT OXYGEN 
Fic, 2. Effect of oxygen tension on activities of xanthine oxidase and uricase 


molecular oxygen, such as methylene blue (8) or ferricytochrome c (9). 
In liver slice experiments, uric acid diffuses out of the anaerobic cells and 
reduces ferritin in the medium, but, in the intact liver, uric acid would be 
synthesized inside the cell in the presence of ferritin. We therefore ex- 
plored the possibility that the process of uric acid formation, involving the 
action of xanthine oxidase, might bring about ferritin iron reduction, in 
which case the ferric iron in ferritin would act as the electron acceptor for 
the enzyme. For this purpose, reaction mixtures were prepared consisting 
of 1 ml. of ferritin previously adjusted to pH 7.4 with dilute alkali and 
containing 6.13 mg. of total iron, 1 ml. of 0.2 per cent a,a’-dipyridyl to 
act as a trapping agent for any Fet* formed, 1 ml. of 0.1 mM phosphate 
buffer, pH 7.4, 0.03 ml. of 1:25 milk xanthine oxidase, and water to make 
a final volume of 4 ml. A suspended plastic cup contained 250 y of xan- 
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thine in 0.25 ml. or an equivalentequantity of hypoxanthine. After tem- 
perature and gas equilibration, the reaction was started by tipping the 
cup and its contents into the reaction mixture. At appropriate intervals, 
6 ml. of a chilled mixture, containing 1 part of 1 M acetate buffer, pH 4.6, 
and 5 parts of saturated ammonium sulfate previously adjusted to pH 4.6, 
were added to each flask. The mixture was centrifuged and the super- 
natant fluid compared in the colorimeter with a Fet+ standard treated in 
the same manner. 
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Fic. 3. Action of ferritin iron as electron acceptor in the xanthine oxidase system 
Curve A, ferritin reduction by enzyme in absence of oxygen; Curve B, ferritin reduc- 
tion by enzyme in presence of 100 per cent oxygen; Curve C, same as Curve B plus 
0.05 mg. of crystalline catalase; Curve D, same as Curve B plus 0.5 mg. of crystalline 
catalase; Curve IE, same as Curve A or Curve B plus 2.25 y per ml. of 2-amino-4- 
hydroxy-6-pteridine aldehyde. 


The results obtained with hypoxanthine as a substrate are shown in 
Fig. 3. Appreciable reduction of ferritin iron occurs in the complete ab- 
sence of oxygen as indicated by Curve A. The direct reaction of ferritin 
with xanthine oxidase is apparent from the fact that, in the absence of 
ferritin, no uric acid is formed anaerobically. More ferritin iron was re- 
duced when the reaction was carried out in the presence of 100 per cent 
oxygen (Curve B). In addition, experiments carried out with hypoxan- 
thine as well as xanthine as substrates, in the presence of oxygen tensions 
between zero and 100 per cent, yielded values for ferritin iron reduction 
intermediate between those obtained in 100 per cent nitrogen and in 100 
per cent oxygen. Similar results were also obtained with xanthine ox- 
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idase prepared from calf’s liver by the method of Kielley (3). Curves 
C and D in Fig. 3 demonstrate that the aerobic reduction of ferritin 
iron is increased by the addition of crystalline catalase over a 10-fold 
range of concentration (0.05 mg. and 0.5 mg., respectively, of crystalline 
enzyme), suggesting that xanthine oxidase activity is inhibited by perox- 
ide formed during the reaction (10). That xanthine oxidase was respon- 
sible for ferritin iron reduction was made more certain by our finding 
that this reduction was completely inhibited (Curve E) in the presence of 
2.25 y per ml. of 2-amino-4-hydroxy-6-pteridine aldehyde (11). This 
inhibition occurred in both nitrogen and oxygen. 

Reduction of Ferritin Iron by TPNH Cytochrome c Reductase—Weber et 
al, (12) have shown that several flavoprotein enzymes are capable of reduc- 
ing inorganic ferric iron in the presence of citrate, among them xanthine 
oxidase and TPNH cytochrome c reductase. Since cytochrome c reductase 
is also found in liver, experiments were performed in vitro to investigate 
its ability to reduce ferritin iron. The reaction mixture contained 1 ml. 
of ferritin, 1 ml. of 0.2 per cent dipyridyl, 1 ml. of 0.1 m phosphate buffer, 
pH 7.55, 0.1 ml. of glucose 6-phosphate (1.65 mg.), 0.02 ml. of glucose- 
6-phosphate dehydrogenase (0.2 mg.), 0.05 ml. of triphosphopyridine nu- 
cleotide (25 y), and water to make a final volume of 4 ml. The reaction 
was started by the addition of 0.05 ml. of a partially purified cytochrome 
c reductase preparation. The purpose of the glucose 6-phosphate and its 
dehydrogenase was to insure a constant source of TPNH, as in an assay 
method described by Haas (13). The original ferritin, assayed at pH 7.4, 
contained 0.45 umole of Fe+*+ per mmole of total iron. In the absence of 
the cytochrome c reductase, the TPNH generated by the dehydrogenase 
system itself caused an increase in Fe++ to 0.56 umole. Upon addition of 
the reductase, the Fe++ content rose to 1.22, in 100 per cent oxygen as 
well as in 100 per cent nitrogen. However, TPNH in rat liver slices was 
found to be lower after anaerobic incubation (16 y per gm. of wet weight) 
than after aerobic incubation (57 y per gm.), decreasing the likelihood that 
cytochrome c reductase is important for ferritin iron reduction. 

Plasma Uric Acid of Rats in Hemorrhagic Shock—The results of our ex- 
periments performed in vitro suggest that the plasma uric acid level should 
increase as a result of liver hypoxia in animals subjected to hemorrhagic 
shock. Zweifach et al. (14) and Van Slyke (15) reported increased plasma 
uric acid concentrations in dogs in hemorrhagic shock. In a series of ex- 
periments, to be reported in detail at a later date, we have confirmed these 
findings for the rat in hemorrhagic as well as in traumatic (drum) (16) 
shock, and for the dog in hemorrhagic shock.! Since the drastie hypo- 


1 We are indebted to Dr. Baez, Dr. Srikantia, and Anne Carleton for providing us 
with blood samples from their rats and dogs in hemorrhagic shock for these uric 
acid analyses. 
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tension induced in the hemorrhagic shock experiment could be presumed 
to result not only in liver hypoxia but in renal failure as well, it was neces- 
sary to determine whether the observed rise in plasma uric acid could be 
attributed to renal failure. For this purpose plasma was collected 3 hours 
after bilateral nephrectomy of twelve control rats. Plasma uric acid, 
expressed as mg. per 100 ml., averaged 0.6 (range 0.3 to 1.1) in eleven 
normal control rats; in the twelve arenal controls the average was 2.4 
(range 1.1 to 2.8), and in eleven normal rats subjected to hemorrhagic 
shock the values averaged 8.7 (range 4.9 to 14.5). 


DISCUSSION 


In our earlier experiments, designed to study the mechanism by which 
ferritin iron is reduced, liver slices were incubated anaerobically in a me- 
dium containing ferritin (1). Under these conditions, reduction of fer- 
ritin iron could only be a result of diffusion into the medium of a com- 
pound of low molecular weight, since it would not be reasonable to expect 
that ferritin would enter the cell, be reduced, and then diffuse out into the 
medium. The reducing compound produced by anaerobic liver slices has 
now been identified as uric acid, and its concentration has been found to 
increase as oxygen tension is decreased to 20 per cent and below. In vivo, 
reduction of ferritin iron would take place inside the hepatic cell in the 
presence of hypoxanthine, xanthine, and the enzyme, xanthine oxidase, 
which converts these substrates to uric acid. 

Xanthine oxidase is an iron molybdoflavoprotein (17) classified as an 
aerobic dehydrogenase, since it can utilize molecular oxygen as an electron 
acceptor. In addition, methylene blue and ferricytochrome c react with 
this enzyme and are reduced. Ferritin iron can also act as an electron 
acceptor for reduced xanthine oxidase, and does so even in the complete 
absence of oxygen. The anaerobic reduction of ferritin iron is therefore 
primarily due to the enzyme and only secondarily to the uric acid which 
is formed. The presence of oxygen in the xanthine oxidase system in- 
creases ferritin iron reduction, but it is not possible to estimate how much 
of the reduction is due to reaction with the reduced enzyme and how much 
to the increased quantity of uric acid formed aerobically. Although it is 
assumed that ferritin iron is reduced by reaction with reduced flavin 
adenine dinucleotide of the enzyme, the possibility of reaction with the Fe 
or Mo of the enzyme still exists. In fact, Mackler et al. (18) have demon- 
strated that, although removal of Mo from the enzyme does not inhibit 
the reaction of the enzyme with molecular oxygen, it does inhibit its re- 
action with 1 electron acceptors. 

Our results for the reduction of ferritin iron parallel those of Weber et 
al. (12) for the reduction of ferric citrate by xanthine oxidase, since in both 
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cases reduction is stimulated by the addition of oxygen, but Weber’s re- 
action is inhibited in the presence of catalase whereas that of ferritin iron 
is stimulated, suggesting that in the latter reaction peroxide acts asa xan- 
thine oxidase inhibitor. <A further difference in the two reactions is that 
under anaerobic conditions reduction of ferritin iron is considerable, 
whereas Weber et al. find that little reduction of ferric citrate occurs anaer- 
obically. Both ferric citrate and ferritin iron are reduced by TPNH cyto- 
chrome c reductase; however, it appears unlikely that this flavoprotein 
enzyme plays a significant role in the reduction of ferritin iron in vivo since 
TPNH levels in rat liver slices were found to be lower after anaerobic 
than aerobic incubation. The possibility of reduction by other flavopro- 
tein enzymes is not ruled out. 

Tanaka (19) also reported that, in the presence of hypoxanthine, xan- 
thine oxidase reduced ferritin iron anaerobically. Ferrous iron was not 
measured directly in this study. Instead, measurements were made of 
changes in magnetic susceptibility of ferritin. However, the data given 
by this author are contradictory in that the values reported for suscepti- 
bility increased after treatment of ferritin with ascorbic acid and cysteine 
and decreased after its incubation with xanthine oxidase. We have re- 
peated these experiments? and have found that treatment of ferritin with 
the xanthine oxidase system produces a rise in specific susceptibility of 
ferritin iron, a result to be expected from the studies of Michaelis et al. 
(20), who first pointed out the unusual state of iron in the ferritin mole- 
cule and the effect of reducing agents such as Na2S2Q,. 

Several factors apparently influence the accumulation of hypoxanthine 
plus xanthine and of uric acid in the various tissues subjected to aerobic 
or anaerobic incubation in vitro. In all four tissues examined, liver, spleen, 
kidney, and small intestine, the concentrations of hypoxanthine plus xan- 
thine increased markedly in response to lowered oxygen tension. These 
increases can be attributed to the progressive loss of high energy com- 
pounds needed for synthetic reactions involving the purines (21) and to 
an increased effectiveness of the catabolic enzymes acting on nucleotides 
and nucleosides (22). Thus, the anaerobic sources of hypoxanthine and 


xanthine may be purine derivatives, not as yet incorporated into nucleic 


acids, as well as degraded nucleic acids. Jorgensen and Poulsen (23) have 
reported a sharp rise in hypoxanthine and xanthine in stored red cells; in 
our experiments this source was eliminated by thorough perfusion of the 
organs before use. 

In the liver, uric acid accumulates during anaerobic incubation and de- 
creases slightly upon aerobic incubation as compared with unincubated 


? We are indebted to Dr. D. Rittenberg, Department of Biochemistry, Columbia 
University, for the use of his Gouy balance for the susceptibility measurements. 
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controls. Similar results have been reported by Bernheim and Bernheim 
(24). The anaerobic increase can be accounted for by the action of xan- 
thine oxidase on the higher concentration of uric acid precursors together 
with anaerobic inhibition of the enzyme uricase. In the aerobic rat liver 
slice the decrease in uric acid is doubtless due to uricase action. In the 
non-hepatic tissues, on the other hand, we found less anaerobic than aerobic 
accumulation of uric acid. <A possible explanation for this difference may 
be found in the experiments of Westerfeld and Richert (25), who have 
shown that the dehydrogenase activity (as measured by the increase in QO, 
uptake in the presence of methylene blue) of the xanthine oxidases in these 
non-hepatic tissues is lower than that in rat liver. 

The results of our experiments in vitro, together with those which dem- 
onstrate increased concentrations of both uric acid and iron (1) in the 
plasma of animals in hemorrhagic shock, support the hypothesis that the 
xanthine oxidase system plays an important role in the process of iron re- 
duction and release from hepatic ferritin. When the liver is supplied with 
adequately oxygenated blood, iron incorporation is accomplished by the 
withdrawal of iron from the plasma, as shown by experiments with radio- 
active iron (26). Under the same conditions (as demonstrated by our 
experiments 7n vitro at 20 per cent oxygen tension) small amounts of ferritin 
iron can be reduced and released into the plasma, at a rate consistent with 
the requirements of the hematopoietic system. 

Our results emphasize lowered oxygen tension as a stimulus for increased 
formation of hypoxanthine, xanthine, and uric acid in the liver. In addi- 
tion, tissues such as the spleen and small intestine also yield relatively 
large quantities of uric acid precursors which can be metabolized by the 
liver. These increases are reflected by an increased reduction and release 
of ferritin iron to the plasma via combination with the plasma iron-bind- 
ing globulin, and explain the mechanism of release of extra iron to the 
plasma of animals in hemorrhagic shock. The response of the animal to 
lowered oxygen tension, outlined above, helps to explain the origin and 
mechanism for the release of extra iron needed by the bone marrow during 
the development of polycythemia at high altitudes. Since the life span 
of the red cell in a polycythemic animal is normal, the rate of iron release 
from ferritin stores must be increased in order to maintain a flow of iron, 
via the plasma, to the activated bone marrow. Our findings are substan- 
tiated by the frequency with which elevated plasma uric acid values occur 
in patients with polycythemia (27) and by the occasional occurrence of 
gout, secondary to prolonged polycythemia (28). Here, the increased uric 
acid, which must arise by virtue of the action of xanthine oxidase, may be 
a result of the degradation of large quantities of red cell nucleic acids, and 
of nuclei which are removed from the preerythrocyte cells of the bone 
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marrow. Now under investigation is the occurrence of the xanthine oxi- 
dase-ferritin system in bone marrow, spleen, and human placenta, organs 
which are known to contain ferritin, as well as the implications of these 
findings for various derangements of iron metabolism in animals. 


SUMMARY 


The reduction (and release) of ferritin iron during anaerobic incubation 
of ferritin with rat liver slices is due to the accumulation of uric acid in 
the tissue and its diffusion into the medium. Accumulation in anaerobic 
liver of uric acid precursors, hypoxanthine and xanthine, together with 
the marked sensitivity to low oxygen tensions of uricase as compared with 
xanthine oxidase, accounts for the elevated levels of uric acid. 

Xanthine oxidase, prepared from milk or calf liver, is also capable of 
reducing ferritin iron under anaerobic conditions in the presence of hypo- 
xanthine or xanthine. Reduction is increased in the presence of oxygen 
and by addition of catalase. Ferritin iron reduction is due to the activity 
of xanthine dehydrogenase, the iron of ferritin acting as an electron ac- 
ceptor. 

Although other flavoprotein enzymes can reduce ferritin iron, e.g. re- 
duced triphosphopyridine nucleotide cytochrome c reductase, the role of 
xanthine dehydrogenase in the release of ferritin iron in vivo is substan- 
tiated by findings obtained with intact animals. Rats subjected to hem- 
orrhagic hypotension show abnormally high concentrations of uric acid in 
the plasma. These results, together with the increases in plasma iron, 
reported previously for dogs in hemorrhagic shock, serve to relate the 
xanthine dehydrogenase system with the iron release mechanism. 

The relationship of liver xanthine dehydrogenase, acting as a reducing 
agent for ferritin iron, to the release of iron into the plasma for extra 
hemoglobin synthesis by the bone marrow, under conditions of low oxygen 
tension, is discussed. 
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STUDIES OF OXIDATIVE PHOSPHORYLATION BY HEPATIC 
MITOCHONDRIA FROM THE DIABETIC CAT* 


By JOHN W. WILLIAM C. STADIE 


(From the Department of Research Medicine, University of Pennsylvania, 
Philadelphia, Pennsylvania) 


(Received for publication, February 20, 1957) 


Reports from the laboratories of several investigators suggest the exist- 
ence of a possible relationship between the action of insulin and the genera- 
tion of high energy phosphate bonds. In general these studies were 
designed to determine whether the formation by various tissues of the pri- 
mary high energy phosphate compound, 7z.e. ATP,' or the production of 
secondary phosphate compounds formed by transphosphorylation reactions 
involving ATP, e.g. the hexose phosphate esters, is diminished in the dia- 
betic state or increased by the addition of insulin either in vitro or in vivo. 
For example, Kaplan and Greenberg (1, 2) reported an increased turnover 
of inorganic isotopic phosphate in various organic phosphate compounds 
of liver and muscle after insulin treatment. In similar studies Sacks (3) 
reported that the rate of turnover of labile P of ATP and glucose 1-phos- 
phate in the muscle of the diabetic animal was diminished when compared 
to that of the normal animal. In another type of experiment the rates of 
reactions presumably dependent upon the rate of formation of ATP were 
studied. Such a reaction, for example, is the acetylation of ingested 
p-aminobenzoic acid. Charalampous and Hegsted (4) reported that this 
reaction was depressed in the intact alloxan-diabetic rat. Accordingly, 
they concluded that a primary deficiency of ATP formation is the cause of 
this metabolic defect. Stadie (5) has reviewed in detail other aspects of 
this subject. 

The mitochondria are believed to be the main if not the sole site of the 
generation of ATP by oxidative phosphorylation. If impairment of oxi- 
dative phosphorylation in the intact animal exemplified by the cases cited 
above is a characteristic of the diabetic state, it is possible that the mito- 


* The work reported in this paper was supported in part by grants from the Na- 
tional Institute of Arthritis and Metabolic Diseases, National Institutes of Health, 
and the Grants Committee of Eli Lilly and Company. 

t Present address, University of Pittsburgh, Graduate School of Publie Health, 
Department of Biochemistry and Nutrition, Pittsburgh 13, Pennsylvania. 

1 The following abbreviations are used: ATP = adenosine triphosphate, ADP = 
adenosine diphosphate, P; = inorganic phosphate, G-6-P = glucose 6-phosphate, 
and TPN = triphosphopyridine dinucleotide. 


669 


oy. 
6) 
Ts, 
81 
07 
J. 
/ 


670 OXIDATIVE PHOSPHORYLATION 


chondria isolated from tissues of the diabetic animal might show similar 
impairment of oxidative phosphorylation when compared with mito- 
chondria similarly prepared from the tissues of normal animals. The 
present paper reports such comparative studies on mitochondrial prepara- 
tions from the livers of normal and depancreatized cats. 

In earlier unpublished experiments, we attempted to demonstrate differ- 
ences in the oxidative phosphorylation capacity of mitochondria prepared 
from the livers of normal and alloxan-diabetic rats. Our data showed no 
difference. Parks, Adler, and Copenhaver (6) subsequently published 
data showing no difference in the rate of formation of ATP by similar mito- 
chondrial preparations from normal and alloxan-diabetic rats, a result with 
which our unpublished work completely conforms. 

The possibility, however, that depancreatized cats are more insulin-free 
than alloxan-diabetic rats led us to repeat the work, using the cat as the 
experimental animal. Mitochondria isolated from the livers of these cats 
were equilibrated with suitable media to which was added an oxidizable 
substrate (pyruvate) to furnish the energy for the conversion of inorganic 
phosphate into high energy phosphate, according to the reaction, ADP + 
P; — ATP. The newly formed energy-rich phosphate was trapped as 
glucose 6-phosphate by the addition of hexokinase to the equilibration 
medium, viz. ATP + glucose — G-6-P + ADP. The rate of ATP forma- 
tion was calculated either from the rate of disappearance of inorganic phos- 
phate or the rate of formation of glucose 6-phosphate. 


Methods 


Adult normal and depancreatized cats weighing between 2 and 3.5 kilos 
were used. In the diabetic cats, complete removal of the pancreas was 
verified by postmortem examination; postoperative glycosuria equal to or 
greater than 2.5 gm. per kilo of body weight per 24 hours was usually ob- 
served. Diet in all instances was 100 gm. of ground horse meat daily. 
The normal cats were used after a 24 hour fast, and the diabetic cats 3 
days after pancreatectomy. Since the depancreatized animals do not eat, 
two of the normal cats (Table II) were treated to sham operation and 
fasted for 3 days before study. The results in these cats appear to be no 
different from those obtained on the non-operated cats fasted for 24 hours. 

Mitochondrial Study Techniques—Mitochondria were prepared by the 
method of Schneider (7), except that the mitochondrial fraction was washed 
twice instead of three times. Care was taken to exclude the “fluffy layer” 
as completely as possible. Each mitochondrial preparation was examined 
for homogeneity with a phase microscope. 

Oxygen uptake was determined by standard manometric methods. The 
main manometric vessel contained 1.4 ml. of medium (KCI, 0.1 mM; potas- 
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lar sium phosphate, pH 7.4, 0.007 mM; sodium salt of ATP, 0.002 mM; cytochrome 
to- c, 10-> M; potassium pyruvate, 0.035 mM); and 0.5 ml. of mitochondrial 


‘he suspension containing approximately 8.0 mg. of protein in 0.25 M sucrose. 
Ta- The side arm contained 0.3 ml. of 0.1 Mm KCl containing 4 mg. of hexo- 
kinase and 26 umoles of glucose (phosphate acceptor system). _ 
er- After equilibration at 30° for 10 minutes, the reaction was initiated by 
red tipping the contents of the side sac into the main vessel; after 20 minutes 
no the reaction was terminated by immersion of the manometric vessel for 
ied about 30 seconds in boiling water. Pyruvate was used as the oxidizable 
to- metabolite because preliminary observations showed the differences to be 
ith most marked with this substrate between tissue from the normal and the 
diabetic animal. During the reaction inorganic phosphate incorporated into 
ree ATP accumulates as glucose 6-phosphate. The rate of oxidative phos- 
the phorylation was therefore calculated from the rate of inorganic phosphate 


ats disappearance (determined colorimetrically (8)), or the rate of G-6-P for- 
ble mation (determined spectrophotometrically with G-6-P dehydrogenase 
nic and TPN (9)). The amount of hexokinase added was sufficient to phos- 
+ | phorylate glucose at a rate 3 to 4 times that of the maximally observed 
as phosphorylation rate of the mitochondria. Errors from ATPase action 


ion were thus minimized. The results were expressed in terms of mitochon- 
1a- | drial protein, calculated on the assumption that the protein contained 16 
OS- per cent of nitrogen which was determined by the microdiffusion technique 


of Seligson and Seligson (10). 

Phosphatase Control—Phosphatase activity of the mitochondrial prepa- 
rations is a possible source of error in the measurement of the phosphoryla- 
los tion rate when a glucose-hexokinase system is used as a phosphate ac- 
ras ceptor, since the phosphatase may decrease G-6-P accumulation to an 
or unknown extent. Accordingly, mitochondrial preparations were prepared 
Ib- from both normal and diabetic cats in exactly the same way as those for 
ly. the assay of oxidative phosphorylation. The phosphatase activity of these 
3 preparations was then measured as follows: In the main vessel were 1.0 
at, | ml. of 0.1 m KCl containing 5.0 umoles of potassium phosphate at pH 7.4 
nd and 0.5 ml. of mitochondrial suspension containing about 8.0 mg. of mito- 
no chondrial protein in 0.25 m sucrose, and in the side sac were 20 umoles of 
rs. glucose 6-phosphate in 0.7 ml. of 0.1 m KCl. 


he After 10 minutes equilibration, the reaction was initiated by tipping in 
ed | the contents of the side sac. After 30 minutes further equilibration, the 
T reaction was terminated by immersion in boiling water. The contents of 


ed the blank vessels were identical except for the omission of G-6-P.  Inor- 
ganic phosphate formed from glucose 6-phosphate by phosphatase action 
he | was calculated from the difference between the initial and the final total 
s- | inorganic phosphate, making appropriate corrections for the blank. Data 
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on the phosphatase activity of mitochondria prepared as described were 
obtained from four normal and two depancreatized cats. The magnitude 
of the phosphatase activity of these mitochondrial preparations (mean, 
10 umoles of G-6-P hydrolyzed per gm. of protein per minute) was small 
in comparison with the total phosphorylative capacity; furthermore, the 
statistically insignificant difference between the normal and diabetic values 
makes this possible source of error negligible in the interpretation of our 
data on oxidative phosphorylation by mitochondria. 


DISCUSSION 


The data obtained from this study of hepatic mitochondria prepared 
from the livers of depancreatized cats are shown in Table I in three cate- 


TABLE [ 
Oxidative Phosphorylation; Mitochondria from Depancreatized Cat Livers 
ATP formation, umoles Oxygen uptake, micro- 
Experiment No. P per gm. mitochondrial | atoms per gm. mitochon- P:O ratio 

protein per min. drial protein per min. 

80 6 10 0.6 

83 17 18 1.0 

85 9 8 1.1 

87 38 24 1.6 

89 17 20 0.9 

93 27 19 1.4 

ie a 19 + 4.8 17 + 2.5 1.1 + 0.14 


gories: (a) oxidative phosphorylation rate as calculated from the rate of 
ATP formation, (b) oxygen uptake, and (c) the P:O ratio. In Table II are 
given similar data obtained by using hepatic mitochondria from normal 
cats. For comparison, Table II summarizes the means of both Tables | 
and II together with their standard error of the mean. From these values 
the mean differences in the three categories of data are given, together with 
their standard deviations. The last line (Table II) gives the P values for 
these differences. From these comparative studies on the oxidative phos- 
phorylative capacities of the diabetic and the normal cats, we conclude 
that the mitochondria from the livers of diabetic cats have significantly 
lower capacities for oxidative phosphorylation than those from livers of 
normal cats. 

In Tables IIT and IV are data in which the comparative study of the 
hepatic phosphorylative ability of livers of normal and diabetic cats was 
made in a different way. First, a liver biopsy was performed on the cat 
24 to 48 hours after removal of the pancreas and a small sample (2 to 4 
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ere TABLE IT 
ide Oxidative Phosphorylation; Mitochondria from Normal Cat Livers 
an, : Oxygen uptake, micro- 
rall Ho. P per Der P:0 ratio 
the protein per min. per min. 
wits 81 37 17 2.2 
_ 84 164 59 2.8 
86 119 36 3.3 
8S 33 19 
98A 31 22 1.4 
98 B* 90 31 2.9 
‘ 99 70 36 2.0 
ite- 112 107 41 2.6 
158* 141 52 2.7 
Mean, normal.......... 88 + 16.3 35 + 4.8 2.4 + 0.21 
aii = diabetic......... 19+ 4.8 17 + 2.5 1.1 + 0.14 
” difference, nor- 
mal and diabetic..... 69 + 17.0 18 + 5.4 1.3 + 0.24 


* Fasted animals treated to sham operation. 


TABLE III 
Oxidative Phosphorylation; Mitochondria from Biopsies of Livers of Diabetic Cats* 
ATP formation, Oxygen uptake, micro- 
tein per min. per min. 
of 
are 93 II 27 20 1.4 
nal 94 Ill 51 29 1.8 
101 V-l 31 27 1.2 
. 105 V-3 76 36 2.1 
ues 107 VI 11 18 0.6 
ith 108 VII 11 18 0.6 
for 109 VIII 13 17 0.8 
113 IX 61 49 1.2 : 
Mean....... 35 + 8.8 27+3.9 | 1.2 +4 0.19 


of * Cat V: V-1, liver biopsy in diabetic state; V-2, liver biopsy after first insulin 
treatment; V-3, liver biopsy after relapse to diabetic state; and V-4, liver biopsy 
the after second insulin treatment. 


vas | gm.) of the liver was obtained. Mitochondria were prepared from this 
cat | sample and assayed in the three categories enumerated in Tables I and II. 
04] After vigorous treatment of the cat with insulin, which resulted in a restora- 
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tion of the cat to an essentially normal status as judged by the level of gly- 
cosuria and blood sugar, a second liver biopsy was obtained from which 
mitochondria were prepared as before. Originally it was planned to assay 
the mitochondria from each cat first in the diabetic state and then after 
restoration by insulin. In other words, each cat would furnish its own 
control. But the high mortality and the difficulties in achieving appro- 
priate restoration to normal by insulin treatment in all cases prevented us 
from accomplishing this. We were successful, however, with three cats, 


TABLE IV 


Oxidative Phosphorylation; Mitochondria from Biopsies of Livers of 
Insulin-Treated Diabetic Cats* 


— 


ATP formation, | 0*¥8¢® uptake 
Experiment No. Cat No. gn per gm. ratio 
protein per min. a 
90 I | 202 76 2.7 
102 IV 146 59 2.5 
104 V-2 50 26 1.9 
106 V-4 | 142 56 2.5 
110 VIII | 120 46 2.6 
114 1X 68 37 1.8 
115 xX 95 41 2.3 
Moan, treated............... 118 + 19.5| 49 + 6.1 2.3 + 0.14 
— 35 + 8.8 | 27 + 3.9 1.2 + 0.19 
“ difference, treated and 
83 + 21.4| 224 7.2 1.1 + 0.24 


* See Table III, footnote. 


Cats V, VIII, and 1X. Inthe case of Cat V, it was possible to obtain four 
assays of mitochondria prepared from hepatic biopsies, v7z. diabetic, 
treated, relapsed diabetic, treated. The rest of the data in Tables III 
and IV was obtained from depancreatized cats either in the diabetic or in 
the normal state after insulin treatment. Table IV gives the values ob- 
tained, the means + the standard error of the means, and the differences 
of the means between the norma] and the diabetic status. The P values 
for these differences are highly significant, indicating again that there is an 
impaired phosphorylative capacity of the mitochondria from diabetic cat 
livers and more significantly that this depressed function is restored to 
normal by administration of insulin in vivo. This is emphasized further 
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by the statistical comparison of data from the normal cats (‘Table II) with 
that from depancreatized cats (Table IV) restored to a normal status by 
insulin treatment. ‘This comparison shows no significant difference be- 
tween the two. 

We have never been able to demonstrate any effect of insulin added in 
vitro to mitochondrial preparations either from the normal or the diabetic 
cat on their oxidative phosphorylation assayed as described. On the other 
hand, our data suggest strongly that the presence within the intact animal 
of either endogenous or exogenous insulin maintains the mitochondria of 
the liver of the cat in such a state that, when isolated and assayed for phos- 
phorylative capacity with pyruvate as a substrate, the mitochondria show 
high values of this capacity which may be termed characteristic of the 
normal state. In the diabetic cat, as our data show, phosphorylation by 
the isolated mitochondria falls to very low values, but normal values are 
again restored upon appropriate insulin treatment. 

Livers of depancreatized cats are markedly fatty. Whether this is a 
cause or an effect of the decreased hepatic oxidative phosphorylation is 
undetermined. Dianzani and Scuro (11) subjected rats to prolonged treat- 
ment with a series of substances (e.g. 2,4-dinitrophenol) which produced a 
high degree of inhibition of oxidative phosphorylation by the liver both in 
vitro and in vivo. In these animals they observed an accumulation of fat 
within the liver cells. ‘They concluded that ‘‘this fact favors the hypothe- 
sis that uncoupling of oxidative phosphorylation is an important step in 
the pathogenesis of fatty liver degeneration.”’ The possibility that any 
hepatotoxin such as 2,4-dinitrophenol which produces fatty infiltration of 
the liver may non-specifically depress other metabolic functions, including 
oxidative phosphorylation, cannot be excluded by these experiments. We 
have sought to obtain some direct evidence on the possible role of fatty 
infiltration of the liver on the oxidative phosphorylation capacity of mito- 
chondria derived from such livers. Houssay cats have fatty livers com- 
parable to those of depancreatized cats. In mitochondrial preparations 
from two such cats, we observed normal phosphorylation values in one and 
normal P:O ratios in both. These preliminary observations would indi- 
cate that fatty infiltration per se does not depress hepatic oxidative phos- 
phorylation. 

As already mentioned, both the results of Parks et al. (6) and our own 
studies on mitochondria from diabetic rat livers showed no departure from 
normal. We have no explanation for this species difference in mitochon- 
drial response to insulin deprivation. The possibility that incomplete re- 
moval of insulin in the alloxan-diabetic rat is responsible for the difference 
must be considered. 

Our data on the depressed oxidative phosphorylation of the isolated 
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mitochondria from diabetic cat livers are in accord with much evidence in 
the literature (8) that this impairment exists when the mitochondria are in 
place within the diabetic liver and contributes to certain metabolic defects 
in the diabetic status. In other words, the presence of insulin in vivo by 
some undetermined mechanism is required for the full maintenance of 
mitochondrial function. But in view of the fragile nature of the mito- 
chondria and the possibility of damage during isolation, particularly in 
sick animals, our data can be regarded only as preliminary evidence for 
this conclusion. Much more experimental work is required before definite 
conclusions can be drawn. 


SUMMARY 


1. Data are presented from studies of oxidative phosphorylation of cat 
liver mitochondria with pyruvate as the substrate. Normal, diabetic, 
and diabetic insulin-treated animals were studied. 

2. The mitochondria from diabetic animals show significant and marked 
decreases in phosphorylation rate, oxygen uptake, and P:O ratio. These 
changes were restored to normal by insulin treatment of the animal. 

3. The significance of these findings is discussed. 


We gratefully acknowledge the assistance of Dr. John F. Buse, Dr. Maria 
Gordon, and Dr. F. D. W. Lukens of the George S. Cox Institute, Uni- 
versity of Pennsylvania, without whose cooperation in and supervision of 
many phases of the animal work this study could not have been completed. 
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Certain enzymes (constitutive) are found in bacteria at concentrations 
relatively independent of the nutrients present in the medium (1, 2). 
In contrast, other enzymes (inducible) are dependent for their formation 
on the presence of specific compounds, usually their substrates (3). What 
mechanisms are used by the bacteria to maintain their constitutive en- 
zymes at fixed concentrations? Precise control mechanisms are indicated 
by the remarkable coordination, during growth, of the syntheses of essen- 
tial bacterial constituents such as amino acids, purines, and pyrimidines (4). 
Presumably, the rates of reactions catalyzed by key enzymes control the 
syntheses of these small molecules; and regulation of these rates can be 
achieved either by specific influences of the intracellular small molecules 
on the activity of the enzymes (5) or, alternatively, by regulation of the 
amounts of the various enzymes. It has been suggested that some constitu- 
tive enzymes are under nuclear control; their formation is not specifically 
influence d by the small molecules in the cytoplasm (6). But substrates 
and products of the essential reactions catalyzed by these constitutive 
enzymes are normally present in the bacteria, and these compounds could 
mediate the formation of the enzymes (7). Few data have been accumu- 
lated in support of these hypotheses (see ‘‘Discussion’’). 

An approach to these problems was found in certain observations on 
the activities of three enzymes required for orotic acid synthesis (ureido- 
succinic synthetase, dihydroorotase, and dihydroorotic dehydrogenase). 
The activities of these enzymes in Escherichia coli were found to be of 
approximately the proper magnitude to provide an adequate supply of 
pyrimidines to the growing bacteria, and, since the enzymes were found 
in cells grown in a salts-glycerol medium (8), they can be classified as 
constitutive. In another organism, Zymobacterium oroticum, two of these 
enzymes reached much higher levels when the bacteria were grown on 
orotate than when they were grown on glucose as the sole carbon source; 
therefore, the enzymes, though still essential, were also inducible. It 


* Aided by the American Cancer Society Donation VI-9 and by a grant from the 
Rockefeller Foundation. 

t Present address, Chemical Department, du Pont Experimental Station, Wil- 
mington, Delaware. 
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seemed possible that in LZ. coli, too, the amounts of the enzymes could be 
made to vary, and experiments were performed to accomplish this. It 
was soon found that activities were easily altered and were dependent on 
the intracellular concentrations of metabolites which were not substrates 
of the enzymes, but rather end products of the metabolic pathway. These 
metabolites acted as inhibitors of enzyme formation. 


Materials and Methods 


L-Aspartic acid was obtained from the Nutritional Biochemicals Cor- 
poration; uracil, OA,' and other pyrimidines were obtained from the 
California Foundation for Biochemical Research; and 6-azauracil was a 
gift from Dr. E. Sassenrath and was prepared by Dr. A. D. Welch. | pi- 
CAA, t-DHO, and CP were prepared in these laboratories as described 
previously (8). 5-Methyl-pL-tryptophan was obtained from the H. M. 
Chemical Company. Chloromycetin was a gift from Parke, Davis and 
Company. 

The bacteria used in these experiments were L£. coli, strain B, and some 
pyrimidine-requiring mutants of other strains of EF. coli. Mutant R 185- 
482, isolated by Dr. R. R. Roepke, was kindly provided by Dr. B. D. 
Davis. This mutant requires citrulline or arginine plus uracil, cytosine, 
CAA, DHO, or OA for growth, and apparently lacks the ability to form 
CP. Mutant 6386 (ATCC No. 12632), also obtained from Dr. B. D. 
Davis, had earlier been found to lack the enzyme dihydroorotic acid 
dehydrogenase (8). Mutant 58-5417, kindly provided by Dr. 8. R. Gross, 
had been characterized in this publication as lacking the enzyme dihydro- 
orotase. Mutant 550-460 (ATCC No. 11548), isolated by Dr. R. R. 
Roepke, grows on uracil or uridine and accumulates CAA, DHO, and OA. 
It therefore is blocked somewhere in the conversion of OA to uridine 
5’-phosphate. 

The bacteria were grown at 37° in liquid culture, being aerated by 
swirling. The minimal medium consisted of inorganic salts plus glycerol 
as an energy source (8). If not stated elsewhere, 4 X 10~‘ M arginine and 
2 X 10~ m uracil, OA, DHO, or CAA were used when needed to permit 
growth. 

Cell-free extracts were prepared by subjecting bacteria to sonic oscilla- 
tion in a 9 ke. Raytheon magnetostriction oscillator at 4° for 10 minutes. 
Bacteria in samples of less than 5 ml. could be broken by placing them in 
a plastic centrifuge tube which was floated in 15 ml. of water in the oscil- 
lator cup. The extracts were centrifuged 3 minutes at 8000 X g to remove 
whole cells and cellular debris. 

1 The abbreviations used in this paper are carbamyl] aspartic acid (ureidosuccinic 
acid), CAA; dihydroorotic acid, DHO; orotic acid, OA; carbamyl phosphate, CP; 
ribose nucleic acid, RNA. 
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Of the enzymes tested, pD-serine deaminase and §-galactosidase were 
assayed as described previously (9, 10), and the other enzymes as described 
below. Aspartate carbamyl transferase (11) (ureidosuccinie synthetase)- 
reaction mixtures contained 0.05 M potassium phosphate buffer (pH 7.0), 
0.015 M L-aspartic acid, 0.008 m CP, and extract capable of forming about 
2 umoles of CAA per ml. of reaction mixture. The 2.0 ml. reaction 
mixture was incubated 20 or 60 minutes at 25°, depending upon enzyme 
activity. The reaction was halted by rapid passage of a 1 ml. aliquot 
through a 1 ml. Dowex 50 (acid form) column (in order to remove citrul- 
line), followed by an equal volume of water to rinse the column. The 
eluate was assayed for CAA (12). Occasionally assays for DHO and OA 
were performed, but these two compounds together rarely amounted to 
10 per cent of the CAA value. In some experiments CAA was determined 
by the method of Knivett (13), in which case it was not necessary to pass 
the assay mixture through a column, and the reaction was halted with 
4 per cent HCIQO,. 

Dihydroorotase—Reaction mixtures contained 0.1 mM sodium acetate 
buffer (pH 5.5), 0.008 m pL-CAA, and an extract of about 6 X 10° bacteria 
(equal to about 0.9 mg. of protein) in 3.0 ml. The reaction mixture was 
incubated at 25°, and samples taken at 10 and 20 minutes were run through 
ion exchange columns as above and assayed for DHO (8). Neither 
aspartate carbamyl transferase nor DHO dehydrogenase is active at the 
pH of this assay. 

Dihydroorotic Acid Dehydrogenase—Reaction mixtures contained 0.05 Mm 
potassium phosphate buffer (pH 7.5), 0.002 m DHO, and 0.45 mg. of 
extract protein in 3.0 ml. The control sample lacked DHO. The optical 
density of the reaction mixture, in a silica cuvette, was measured at 290 mu 
with a Beckman model DU spectrophotometer by using the control sample 
as a blank. Readings were made at 30 second intervals for 6 minutes, 
and the initial rate of production of OA was calculated (e904 = 6.2 X 10°) 
(8). Protein measurements were made by the Folin-Ciocalteu method 
(14), and ribonucleic acid was determined by the Mejbaum orcinol meth- 
od (15). 

Starch Electrophoresis—Cell-free extracts were fractionated with the 
starch electrophoresis apparatus described by Paigen (16). An extract of 
about 6 X 10'° bacteria was placed near one end of a tray 30 cm. long, 
3 cm. wide, and containing 40 gm. of starch and 35 ml. of 0.02 M tris- 
(hydroxymethyl)aminomethane buffer, pH 7.6. 150 volts were applied 
for 15 hours. The starch trays were cut in 0.5 cm. sections and eluted 
with water, and the eluates were assayed for the desired substances. 

Ultraviolet Irradiation—Heavy irradiation of bacterial suspensions in 
minimal salt solutions, 0.5 cm. deep, was given by a 2 minute exposure to 
three Westinghouse sterile lamps, No. WL-782L-30, at a distance of 14 
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inches. After this treatment, formation of nucleic acids by the bacteria 
was essentially abolished. Mild irradiation was given by a 0.35 ampere 
Rad-i-air lamp with an intensity of 350 ergs sec.~' cm.-* at 85 cm. 


EXPERIMENTAL 


Stimulation of Enzyme Production by Pyrimidine Depletion—The three 
enzymes of orotic acid synthesis studied here were present in EF. coli, 
strain B, grown on a salts-glycerol medium, and hence they appeared to 
be typical constitutive enzymes (8). When attempts were made to bring 


TaBLeE I 
Effects of Uracil on Enzyme Formation 


Specific activity 
E. coli Uracil 
ACTase DHOase DHOdeh 

B _ 0.47 | 0.69 0.49 
58-5417 + 0.34 0.00 0.35 

_ 88.0 0.00 3.4 
6386 + 0.40 1.0 0.00 

86.5 | 8.7 0.00 
550-460 + 0.37 0.07 0.34 

_ 48.6 | 3.0 1.31 


The bacteria were grown to the exponential phase in salts-glycerol medium sup- 
plemented with uracil in the case of the mutants. They were centrifuged and 
resuspended in fresh medium with or without uracil, and aliquots were taken for en- 
zyme and protein assays at 110 minutes. The enzyme activities are given as micro- 
moles per mg. of protein per hour. The abbreviations are ACTase for aspartate 
carbamyl transferase, DHOase for dihydroorotase, and DHOdeh for dihydroorotic 
dehydrogenase. 


about variations in the activities of these enzymes in L. coli, it was found 
that all three of the enzymes showed great increases in specific activity 
when the bacteria were deprived of pyrimidines. Pyrimidine depletion 
was attained in pyrimidine-requiring mutants, grown in the presence of 
uracil, by washing the bacteria and aerating them at 37° in the minimal 
medium. Each of the mutants initially had enzyme activities similar to 
those of the wild type (£. coli, strain B), but after pyrimidine starvation 
the activity of aspartate carbamy] transferase had increased 150- to 500- 
fold, dihydroorotase 10- to 40-fold, and dihydroorotic dehydrogenase 
4- to 10-fold (Table I). 

The absence of a pyrimidine supply did not result in an accelerated 
formation of cellular components in general; in fact, quite the opposite 
result was observed (Fig. 1). After the pyrimidine-requiring mutant had 
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ia taken up all available uracil, as indicated by abrupt cessation of RNA 
re synthesis and the appearance of OA in the medium (8) at 35 minutes, the 
synthesis of protein and of the inducible enzyme b-serine deaminase was 
halted within 10 minutes. These observations are in agreement with, and 
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Fic. 1. Formation of various materials upon depletion of uracil. Mutant 550 
. 460 grown on salts-glycerol medium plus uracil was centrifuged and resuspended in a 
similar medium containing 1 y per ml. of uracil. Subsequently, assays were made 
for various materials. The results for protein (@) and RNA (A) are expressed as 
per cent changes over the initial values; orotic acid (O) and p-serine deaminase 
(A) are increases over initial values in arbitrary units. 
TaBLe II 
— Effects of Rich Medium on Enzyme Formation 
- 
nd Specific activity 
n- Supplements 
ACTase DHOase | DHOdeh 
1% broth and 0.1% yeast extract..................... 4.7 0.29 0.71 
- 1% ‘* 0.1% yeast extract, and DHO.............. | 3.3 0.15 0.66 
ty E. coli mutant R 185-482 was grown on salts-glycerol medium plus arginine and 
on uracil, and was centrifuged, resuspended, and aerated for 110 minutes in media with 
of the above supplements. Assays were made for enzymes and protein. The units 
val and abbreviations are described in Table I. 
wa extend, prior observations on the dependence of 8-galactosidase formation 


0- on a supply of pyrimidines (10, 17). 

The relation between pyrimidine starvation and enhanced activity of 
the enzymes of orotic acid synthesis is also specific in the sense that other 
ed methods of upsetting the bacterial metabolic economy did not affect these 
te enzyme activities nearly as greatly. In one set of experiments, a rich 
ail medium was used (Table IT); mutant R 185-482 grown in this medium had 
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a 10-fold enhanced aspartate carbamy] transferase activity, and dihydro- 
orotase and dihydroorotic dehydrogenase were increased 2-fold each over 
the values found in the same strain grown in minimal medium plus uracil 
and arginine. 

The effects of a less adequate medium were also tested; growth of mutant 
6386 in a minimal medium plus uracil was inhibited by addition of 5- 
methyl-p.L-tryptophan. This inhibitor presumably acts by preventing the 
synthesis of tryptophan (18). At a concentration of 2 y per ml. it per- 
mitted only a slight protein increase, while the specific activity of aspartate 
carbamy] transferase usually increased by a factor of only 2. The actual 
results were quite variable, however. The experiment shows that this 
method of slowing growth did not stimulate formation of these enzymes. 

To determine whether mild ultraviolet irradiation specifically affects 
the ability of /. coli to form these enzymes, a rapidly growing culture of 
mutant R 185-482 was washed and suspended in minimal medium without 
a carbon source, and aliquots were irradiated with ultraviolet light for 
various lengths of time. The bacteria, kept in the dark to avoid photo- 
reactivation, were then diluted into minimal medium containing arginine 
and DHO and incubated at 37°. At various times after irradiation, 
suitably diluted aliquots were placed on broth (plus uracil) agar plates 
for viable counts, and other aliquots were assayed for enzyme activities. 
Irradiation reduced the viable count to as little as 3 per cent of the control, 
and formation of each of the three enzymes was depressed by a factor of 
2 or less. There was no difference in ability to synthesize protein in the 
irradiated and non-irradiated cultures. Evidently, any imbalances 
created by lethal doses of irradiation were not capable of preferentially 
bringing about increased enzyme activities. 

The results of kinetic studies of enzyme formation after removal of 
uracil are shown in Fig. 2. Formation of the three enzymes took place at 
a far greater rate in the absence than in the presence of uracil. There 
was no lag in the formation of aspartate carbamy] transferase or DHO 
dehydrogenase, and in fact it was difficult to obtain their true initial 
activities. A lag was observed in the formation of dihydroorotase, but 
this enzyme is unstable and the first enzyme molecules formed may have 
been inactivated, e.g. by traces of heavy metal ions. <A pyrimidine pre- 
cursor (CAA or DHO) was required for enzyme formation, but only after 
about 30 minutes. It is likely that traces of intracellular pyrimidines 
were adequate initially to allow protein formation. Little increase in 
protein was observed in these experiments in either the presence or the 
absence of DHO; the protein increased only by about 20 per cent in 2 hours, 
whereas the control increased 300 per cent. 


« 
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The effect of resumption of growth is shown in Fig. 3. In this experi- 
ment, after enzyme formation in minimal medium (plus arginine), the 
bacteria were provided with fresh medium containing uracil and arginine. 
Rapid growth commenced, but specific activities of the enzymes decreased. 
Formation of these enzymes was then not as rapid as total protein synthesis; 


ENZYME ACTIVITY 


1 
20 80 
INCUBATION TIME IN MINUTES 
Fig. 2. Specific activity changes in mutant R 185-482 after deprivation of uracil. 
The experiment was performed as for Table I. Aliquots were taken at intervals for 
assay. (A) Aspartate carbamyl transferase; (O) dihydroorotase; (OQ) dihydro- 
orotic dehydrogenase. Solid lines were for cultures in the presence of DHO and 
dashed lines for those obtained in its absence. Activities are in arbitrary units per 
mg. of protein. 


however, the formation of the enzymes did not cease abruptly but con- 
tinued less rapidly for an hour or more. The enzymes were stable under 
growth conditions, but the conditions for their formation were not pre- 
served. 

Compounds Which Control Formation of Enzymes of Orotic Acid Synthesis— 
The marked increases in enzyme activities, described above, are suggestive 
of the specific increases brought about in other cases by addition of low 
molecular weight compounds to the culture medium (enzyme induction). 
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Experiments were therefore directed toward determining whether the 
changes in activity found above could be attributed to changes in the 
concentrations of some small molecular weight compounds. Three 
hypotheses as to the mechanism of control of synthesis may be made: 
(1) CAA or another pyrimidine intermediate is required as an enzyme 
inducer and is present at high concentration only in non-growing bacteria. 
(2) Uracil, or some derivative thereof, present at moderate or low con- 
centrations in growing bacteria but absent in resting uracilless mutants, 
inhibits enzyme formation. (3) Some balance of metabolites other than 
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Fic. 3. Recovery from uracil deprivation. The experiment was performed like 
that described for Fig. 2, except that at 2 hours uracil was added. Specific activities 
are shown as solid lines, and activities per ml. are plotted as dashed lines. Symbols 
are the same as those used for Fig. 2. Protein values are shown by (X). 


pyrimidines, different in rapidly growing bacteria as compared to bacteria 
under conditions of pyrimidine starvation, is responsible; for example, the 
systems which form the three orotic acid-synthesizing enzymes might not 
be able to compete successfully with other enzyme-forming systems for 
metabolites such as amino acids, except that the former enzymes might 
be made preferentially if formation of other enzymes is inhibited by a low 
supply of pyrimidines. 

The first mechanism, typical of enzyme induction, is ruled out by two 
kinds of evidence. Mutant R 185-482 appears to lack the ability to form 
CP and does not accumulate CAA, DHO, or OA in the medium. Growth 
of this mutant with uracil should result in virtual absence of these pyrimi- 
dine precursors in the bacteria, especially since the metabolic sequence is 
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irreversible at the step between orotidylic and uridylic acids (19). There- 
fore, if CAA, DHO, or OA were required as inducers of any of the three 
enzymes tested, these enzymes should be formed in lower concentrations 
in this mutant, under all conditions, than in the wild type bacteria. This 
was not the case. Similarly, marked increases of enzyme activities were 
found for three other mutants (Table I). In minimal medium, mutant 
58-5417 produced only the precursor CAA, mutant 6386 produced CAA 
and DHO, and mutant 550-460 produced CAA, DHO, and OA; yet all the 
mutants formed similar amounts of each of the three enzymes. There- 


TaBLeE III 
Comparison of Effects of Uracil and Orotate 
Specific activity 
P 
5 | & = i é 
< =) a 
1 R 185-482 Uracil 232 0.31 0.15 | 0.37 
OA 223 0.70 0.36 
2 6386 ‘* + uracil 105 0.2 286 
72 71.0 190 
3 6386 Uracil 255 0.4 > 1.0 0.00 
OA 242 11.5 | 1.9 0.00 
None 21 86.0 | 8.6 


The experiments were performed as in Table I. In Experiment 1, mutant R 185- 
482, which grew as well on OA as on uracil, was incubated for 110 minutes. The 
strain of mutant 6386 used for Experiment 2 grew relatively slowly on OA. It was 
exposed for 60 minutes in the presence of 1 mg. per ml. of lactose as an inducer for 
8-galactosidase (8-Gal). In Experiment 3 a substrain of mutant 6386 that grew 
rapidly on OA was incubated for 110 minutes. 


fore, the concentrations of pyrimidine precursors required for formation of 
these enzymes must be extremely small, if such precursors are required at 
all. 

The inability of pyrimidine precursors to act as inducers was shown in 
yet another way; 7.e., by demonstration of absence of induction in the 
presence of substrates of the enzymes. Substrains of mutant R 185-482 
were selected which grew rapidly on CAA, DHO, or OA. Cultures grown 
with each of these compounds as the sole pyrimidine precursor had the 
same low activity of the three enzymes as a culture grown with uracil, 
even though precursors were present in high concentrations (Table ITI). 
Similarly, when the mutant was grown on a rich medium, addition of 
DHO had no influence on the enzyme levels (Table II). By contrast, 
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strains of the same mutant which grew slowly on CAA or DHO showed 
greatly increased enzyme activities in the presence of these compounds 
(Fig. 2). It is likely that in the latter case the precursors served to pro- 
vide a continuous minute supply of pyrimidines. Presumably, slow growth 
was due to low permeability since enzymes for metabolism of CAA to OA 
were present, and OA permitted rapid growth. 

The second mechanism of control requires that formation of the enzymes 
be inhibited whenever surplus pyrimidines are present in the bacteria, and 
the third mechanism requires inhibition by a suboptimal supply of some 
nutrient other than pyrimidines. It is difficult to distinguish between 
these possibilities. A suitable method might be to study enzyme activities 
under conditions whereby pyrimidines are removed as rapidly as they 
become available but which permit nearly normal rapid growth, so that 
other nutrients are at concentrations similar to those found in cultures 
possessing surplus pyrimidines. This objective was accomplished in 
three ways, and in each case a marked stimulation of aspartate carbamy] 
transferase activity was observed. First, it was noted that substrains of 
mutant 6386 grew slightly less rapidly with OA than with uracil; hence 
the pyrimidine supply limited growth in the former case. Measurements 
of aspartate carbamy] transferase showed far greater activities in bacteria 
grown on OA than in those grown on uracil (Table III). Bacteria grown 
in the presence of both OA and uracil had low activities; therefore the 
differences were due to an inhibition by uracil rather than to a stimulation 
by OA. Other data (Table III) show that 6-galactosidase formation 
varied in the same way as did protein, so that other nutrients were probably 
in similar supply under both conditions. 

A second method of limiting the supply of pyrimidines was by addition 
of 6-azauracil (20) to the medium. This compound prevents formation 
and utilization of OA by E. coli;? when it is added at low concentrations 
it limits growth by creating a pyrimidine deficiency. The effects of its 
presence on formation of protein, 6-galactosidase, and aspartate carbamy! 
transferase by LE. coli strain B and the mutant 6386 are seen in Table IV. 
Azauracil has been shown to inhibit 6-galactosidase formation.* Growth 
and 6-galactosidase formation were only slightly inhibited, and yet the 
transferase activity was greatly stimulated. These results strongly im- 
plicate intrabacterial pyrimidines as inhibitors of formation of this enzyme. 

Table IV also indicates that higher concentrations of 6-azauracil in- 
hibited formation of aspartate carbamy] transferase. This action appears 
_ to be a specific inhibition rather than part of the generalized inhibition of 
all syntheses owing to a low supply of pyrimidines, because protein and 


2? Pardee, A. B., and Prestidge, L. S., unpublished. 
3 Personal communication, Handschumacher, R. I. 
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8-galactosidase data obtained with F. coli strain B showed that pyrimidine 
deficiency was not severe in the presence of 6-azauracil. This observation 


TABLE IV 
Effects of 6-Azauracil 
Specific activity 
E. coli Time Pyrimidine supplement Protein 
ACTase B-Gal 
min. y per ml. mg. per ml. 

B 30 None 0.325 1.35 | 288 

Uracil 20 0.340 1.45 | 276 

Azauracil 20 0.320 30.0 | 248 

Ms 40 0.350 19.6 | 200 
6386 115 None 0.205 138 5.0 
OA 20 0.415 67 15.0 
‘* + azauracil 20 0.275 106.0 8.0 
| 100 0.210 37.0 5.0 


This experiment was performed in the same manner as that described in Table I 
but with the strains shown in the first column. Lactose, 1 mg. per ml., was added 
as an inducer for 8-galactosidase (8-Gal). 


TaBLe V 
Short Time Effects of Transfer to Rich Medium 


| Specific activity 
Supplements | Protein 7 
| ACTase 
| 0.325 1.35 14.0 
a.a + | 0.400 2.2 7.0 


E. coli strain B were grown to the exponential phase onsalts-glycerol medium, and 
aliquots were transferred to media containing 1 mg. per ml. of hydrolyzed casein 
plus 10 y per ml. of tryptophan (a.a) and 10 y per ml. of adenine, without and 
with 20 y per ml. of uracil. Lactose (1 mg. per ml.) was added as an inducer for 
8-galactosidase. Aliquots were removed at 15 minutes for 8-galactosidase and at 
30 minutes for aspartate carbamy] transferase and protein. 


supports the idea that pyrimidine derivatives inhibit transferase forma- 
tion. 

A third method of creating a pyrimidine deficiency is to transfer the 
bacteria to a rich medium; 7.e., one containing as many nutrients in excess, 
other than pyrimidines, as possible (17). Such a change of medium (see 
Table V) brought about a considerable increase in transferase activity, 
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and, at the same time, a considerable inhibition of 6-galactosidase forma- 
tion resulted for a short period. The simultaneous addition of uracil 
inhibited the transferase formation considerably, as would be expected 
from the second hypothesis of the method of control. However, 6-galac- 
tosidase synthesis was not restored; thus, nutrients other than uracil must 
have been in short supply also. These three observations favor the 
hypothesis that the formation of the enzymes is controlled by pyrimidines 
rather than by availability of trace nutrients, inasmuch as the enzymes 


TaBLeE VI 
Effects of Inhibition of Protein Synthesis 


Specific activity 
E. coli Inhibitor Supplements 
ACTase DHOase DHOdeh 

R 185-482 None DHO, arginine 150 1.07 3.6 

No arginine None 2.4 0.39 0.32 

Heavy ultraviolet | DHO, arginine 1.3 0.41 0.29 
6386 None OA 71 

5-Methyltrypto- 0.7 

phan 
Chloromycetin | 0.3 


In the first experiment, mutant R 185-482 was grown in the presence of arginine 
and uracil, centrifuged, and resuspended in new media containing the supplements 
and inhibitors shown above. One aliquot was treated with strong ultraviolet light. 
Cultures were aerated for 110 minutes and then analyzed. The second experiment 
was similar except that mutant 6386 was employed, 40 y per ml. of 5-methyltrypto- 
phan or Chloromycetin were added to the cultures, and exposure was for 60 minutes. 
At the end of each experiment, assays were made for protein and enzymes. The 
results are expressed as in Table I. 


are formed under faster and slower growth rates, but only when the pyrimi- 
dine supply is low. 

Role of Protein Synthesis—It may be asked whether the great increases 
of enzyme activities described above result from formation of new enzyme 
molecules or are brought about by some process of activation of preexisting 
enzymes. ‘This question is especially pertinent because the activities 
increased most under conditions whereby other enzymes were not rapidly 
made. It was first determined that the enzymes of orotic acid synthesis 
could not become more active under various conditions of inhibited protein 
synthesis (Table VI). The increased activities of these enzymes required 
the presence of arginine, and were inhibited by Chloromycetin, 5-methyl- 
tryptophan, or a heavy dose of ultraviolet light. It will be recalled that 
a requirement for traces of pyrimidines exists (lig. 2). 
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A more direct demonstration of de novo formation of aspartate carbamy] 
transferase was provided by an experiment in which it was shown that if 
extracts of pyrimidine-starved bacteria were distributed in the starch 
electrophoresis apparatus, much newly formed protein moved with the 
aspartate carbamyl transferase fraction. For this study, a growing 
culture of mutant R 185-482 was washed, resuspended in minimal medium 
plus arginine, and permitted to respire in the presence of C'*-leucine for 
60 minutes (all leucine should have been used within 5 minutes). A 
cell-free extract was prepared by sonic oscillation and partly resolved by 
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Fic. 4. Starch electrophoresis of an extract of mutant R 185-482 to which leucine- 
2-C™ was added after the removal of uracil. (XX) optical density at 260 mu (nucleic 
acids); (O) protein; (©) C™; (A) aspartate carbamy! transferase. Ordinates are in 
arbitrary units. 


starch electrophoresis. ‘The patterns of protein, C', aspartate carbamyl 
transferase, and optical density at 260 my (as a measure of nucleic acids) 
are presented in Fig. 4. It is seen that C' was distributed in a manner 
similar to total protein except at the position where the enzyme was found. 
Calculations from these data show that several per cent of the newly 
formed (C) protein may be aspartate carbamyl transferase. 

As a control, a rapidly growing culture of mutant R 185-482 was exposed 
to C'-leucine, and an extract was prepared and treated as above. The 
patterns of protein and C' corresponded at all points, within experimental 
error, unlike the results in Fig. 4. Therefore these results show that the 
increased transferase activity is accompanied by selective synthesis of a 
new protein of mobility similar to the transferase. 
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These results indicate that enough aspartate carbamyl transferase is 
present (perhaps 1 per cent of the total protein) to make its purification 
from pyrimidine-starved bacteria feasible. Preliminary experiments have 
resulted in a 50-fold purification by conventional procedures of ammonium 
sulfate fractionation at pH 7.0 (39 to 50 per cent saturation), heat inactiva- 
tion (65°), and isoelectric precipitation (pH 5.5), followed by starch 
electrophoresis. The highest specific activity obtained was 3.5 moles of 
CAA formed per hour per gm. of protein. This activity is considerably 
greater than that obtained by Reichard and Hanshoff (11), as would be 
expected from the relative activities of the starting materials. 


DISCUSSION 


Three enzymes of orotic acid biosynthesis in EF. coli were shown to be 
capable of great variations of activities, depending on conditions of culture 
of the bacteria. Furthermore, the increases observed represent actual 
formation of enzyme proteins and not simply activation of preexisting 
enzymes. The question arises as to how these potentialities for enzyme 
formation are held at a relatively constant low level, one convenient for 
supplying the growth requirements of the bacteria without waste under 
most conditions. In other words, why do the enzymes normally act like 
constitutive enzymes? The question is answered by the discovery that 
formations of these enzymes are under the control of end products of their 
metabolic pathway (clearly proved at least in the case of aspartate carbamy] 
transferase). It has not been possible to determine what compounds 
actually function as “repressors” (21) of enzyme formation, but they : 
must be readily derived from uracil, a potent inhibitor, or from 6-azauracil | 
(which is similarly anabolized) .* 

This method of control, by enzyme repression, should be distinguished ) 
from other types of control. It has previously been shown that a pyrimi- | 
dine derivative, probably cytidine, controls the rate of pyrimidine bio- 
synthesis by inhibiting the activity of aspartate carbamyl transferase (5). , 
This mode of control is clearly distinct from the control of enzyme synthesis ; 
described above; it seems reasonable to suppose that both regulatory 
mechanisms are of use to F£. coli. Enzyme induction (specific control of ; 
enzyme formation by the substrate) must also be distinguished from the 
above two regulatory mechanisms. (The fourth member of this set of 
regulatory mechanisms is the most commonly described, 7.e. enzyme 
activities are dependent on substrate concentrations.) The complimentary 
modes of action on enzyme formation of repressors and inducers have 
implications regarding the mechanism of enzyme formation (21) which will 
not be discussed here. It is worth mentioning that the enzymes are 
maintained at a basal level even when the bacteria are grown in the pres- 
ence of uracil. 
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Such a powerful mode of metabolic regulation as enzyme repression 
could be of primary importance in the growth of unicellular organisms (22). 
That some such mechanism may be widespread has been suggested recently 
by Neidhardt and Magasanik (23) in view of experiments on the inhibi- 
tion by glucose of synthesis of some inducible enzymes. A number of 
observations, both general (4) and specific (7, 24, 25), support the view 
that repression mechanisms are widespread. The most complete demon- 
stration of repression is of acetylornithinase formation by arginine, shown 
very recently by Vogel (21). The entire problem is made difficult in that 
it is hard to find “gratuitous conditions” (3). Shortages in the amounts 
of small molecules required for essential biosyntheses have profound 
non-specific effects on enzyme formation, and these effects interfere with 
observation of their possible specific effects. 

Both in the present case and in the preferential formation of 6-galac- 
tosidase in response to addition of galactosides (26, 27), enzymes are 
formed, the action of which normally helps to overcome the metabolic 
deficiency. Any such mechanism would evidently be most useful to the 
bacteria under conditions of remediable stress. 

Finally, it seems clear that, while the term “constitutive enzyme” (2) 
has meaning at the nutritional level of investigation, it is not at present 
useful at the level where interactions of molecules are considered. 


SUMMARY 


1. It was possible to cause three ‘‘constitutive’’ enzymes required for 
orotic acid formation in Escherichia coli to increase in their specific activities 
by one to two orders of magnitude. 

2. The formation of these enzymes is controlled by a mechanism of 
enzyme repression. End products of the metabolic pathway, derived 
from uracil, inhibit enzyme formation. 

3. Inhibition studies and experiments with radioactive leucine incorpora- 
tion show that actual enzyme formation is involved, rather than enzyme 
activation. 

4. The above results are discussed in relation to other modes of metabolic 
control. 
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REDUCTIVE DEGRADATION OF PYRIMIDINES 


III. PURIFICATION AND PROPERTIES OF DIHYDROURACIL 
DEHYDROGENASE* 


By L. LEON CAMPBELL, Jr. 
(From the Laboratory of Food Microbiology, Department of Horticulture, State College 
of Washington, Pullman, Washington) 
(Received for publication, November 21, 1956) 


In Papers I and II in this series, evidence was presented for the reductive 
pathway of uracil degradation by Clostridium uracilicum (1, 2). This 
pathway may be viewed as follows: 


Uracil — dihydrouracil — 8-ureidopropionic acid — f-alanine, 
carbon dioxide, and ammonia 


The purpose of this paper is to describe the purification and properties 
of the enzyme, dihydrouracil dehydrogenase, and to present further evi- 
dence for the following reaction: 


HN—C=0O HN—C=0O 
+ DPNH + Ht 
=C 4 =C CH; + DPN* 
HN—CH HN—CH, 
Uracil Dihydrouracil 
EXPERIMENTAL 


Methods—C. uracilicum, strain M5-2, was used, and the methods of 
culture and preparation of cell-free extracts were described previously (2). 

Glucose dehydrogenase was purified as described by Strecker and Korkes 
(3); calcium phosphate gel was prepared according to Keilin and Hartree 
(4). Glucose was estimated spectrophotometrically with hexokinase (5), 
and glucose-6-phosphate dehydrogenase (6) as described by Lieberman 
and Kornberg (7). Uracil was determined by optical density measure- 
ment at 260 my in a Beckman DU spectrophotometer, and protein by the 
method of Lowry et al. (8). Paper chromatography of reaction mixtures 
was carried out as described previously (2). 

Assay of Dihydrouracil Dehydrogenase—It has been established that 
reduced diphosphopyridine nucleotide (DPNH) is required for the reduc- 
tion of uracil to dihydrouracil (2). For assay purposes DPNH was gen- 


* Scientific Paper No. 1520, Agricultural Experiment Stations, Institute of Agri- 
cultural Sciences, State College of Washington, Pullman, Washington. 
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erated by the addition of glucose, glucose dehydrogenase, and diphospho- 
pyridine nucleotide (DPN) to the test system. The reaction mixture 
contained 10 umoles of MgCl, 150 umoles of potassium phosphate buffer, pH 
7.4, 0.5 umole of uracil, 10 umoles of cysteine, 0.05 umole of DPN, 200 
umoles of glucose, 250 units of glucose dehydrogenase, and the enzyme 
in a total volume of 3.0 ml. All the components except glucose dehy- 
drogenase were incubated for 10 minutes at room temperature. Glucose 
dehydrogenase was added and the rate of uracil removal was determined 
by measuring the decrease in optical density at 260 my. A unit of enzyme 
is defined as that amount which produces a reduction in optical density of 
0.100 in 10 minutes; specific activity is expressed as units per mg. of pro- 
tein. In the absence of glucose, glucose dehydrogenase, or DPN, no re- 
moval of uracil was noted. 

Purification of Dihydrouracil Dehydrogenase—All purification steps were 
carried out at 0-5°. 

Removal of Nucleic Acid—Nucleic acid was removed from the cell-free 
extract by precipitation with manganese chloride as described by Korkes 
et al. (9). 25 ml. of a 1.0 m solution of MnCl. were added to 500 ml. of 
extract and stirred for 10 minutes. The stringy precipitate was removed 
by centrifugation and discarded. The ratio of optical densities at 280 
and 260 my (10) was determined on the supernatant liquid, and it (1.40) 
indicated that essentially all of the nucleic acid was removed by this treat- 
ment. The supernatant solution was dialyzed for 12 hours against 0.05 
per cent sodium sulfide. 

Ammonium Sulfate Fraction—The dialyzed solution was adjusted to pH 
6.0 with dilute acetic acid, and 185 gm. of solid ammonium sulfate were 
added with stirring for 25 minutes, after which the precipitate was removed 
by centrifugation and discarded. Ammonium sulfate (38 gm.) was added 
to the supernatant solution and stirred for 25 minutes. The precipitate 
was removed by centrifugation and dissolved in 100 ml. of water. 

Acid Ammonium Sulfate Fraction—To the ammonium sulfate fraction 
were added 25 ml. of sodium acetate buffer (0.2 mM, pH 4.6) and 30 gm. of 
ammonium sulfate with stirring. After the fraction was stirred for 15 
minutes, the precipitate was removed and discarded and to the superna- 
tant solution were added 20 gm. of ammonium sulfate. After the solution 
was stirred for 10 minutes, the precipitate was removed and dissolved in 
40 ml. of sodium acetate buffer (0.01 m, pH 6.0). 

First Calcium Phosphate Gel Treatment—Calcium phosphate gel (0.2 
volume) was stirred into the solution (pH 6.0). The suspension was stirred 
for 15 to 20 minutes and centrifuged, and the gel discarded. This step 
removed considerable inert protein and a minimum of enzyme. 

Second Calcium Phosphate Gel Treatment—The solution was adjusted to 
pH 5.5, and 0.6 volume of calcium phosphate gel was added to adsorb the 
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enzyme completely. After being stirred for 15 to 20 minutes, the gel was 
removed by centrifugation and washed three times with 5 volumes of 
water. The wash water and the supernatant fluid were discarded. The 
enzyme was eluted from the gel by stirring for 30 minutes with 0.2 m potas- 
sium phosphate buffer, pH 7.4. The volume of buffer used was approxi- 
mately one-fourth of the volume of the solution after the first gel treatment. 


TABLE 
Purification of Dihydrouracil Dehydrogenase 
Fraction Units activity Yield 
ml units per mg. | per cent 
Dialyzed MnCl, supernatant fluid............. 600 22,400 26.12 64 
100 21,000 80.0 60 
Acid ammonium sulfate....................... 40 18 , 666 108.0 53 
Ist calcium phosphate gel treatment.......... 44 14,000 252.0 40 
TaBLeE II 
Effect of Enzyme Concentration on Uracil Reduction 
Amount of enzyme A optical density 
ml, 260 my 

0.00 0.000 

0.02 —0.048 

0.04 —0.108 

0.06 —0.152 

0.08 —0.200 

0.10 —0.260 


The conditions were as described in the text for routine assay. 


Data on the various steps in a typical procedure (Table I) show a 
27-fold purification of the enzyme. This is in the range of purification 
usually obtained (20- to 30-fold) by the fractionation procedure employed. 

Specificity of Purified Enzyme—The enzyme was tested for activity 
with cytosine, 5-methyleytosine, thymine, and orotic acid. No activity 
was obtained with any of these compounds. Furthermore, the enzyme 
does not convert dihydrouracil, 8-ureidopropionic acid, or carbamyl phos- 
phate to end products. 

Influence of Enzyme Concentration on Rate of Uracil Reduction—Under 
the conditions of the routine assay the rate of uracil reduction was propor- 


tional to the amount of enzyme present. Typical data are given in Table 
II. 
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Influence of Uracil Concentration on Rate of Uracil Reduction—The rate 
of uracil reduction was studied as a function of uracil concentration. When 
the data were plotted according to Lineweaver and Burk (11) (Fig. 1), a 
straight line was obtained. K, was calculated to be 1.4 XK 107‘ M. 

DPNH Oxidation and Uracil Reduction—The requirement for DPN, 
glucose, and glucose dehydrogenase in the assay system can be replaced 
with DPNH. Table III shows that, with the purified enzyme, oxidation 
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Fic. 1. The rate of uracil degradation as a function of uracil concentration 


TaBLeE III 
Equivalence of DPNH and Uracil Reduction 
| Experiment 1 | Experiment 2 | Experiment 3 
pmole | umole | pmole 
DPNH added............... | 0.125 | 0.240, 0.480 
—0.116 —0.236 | —0.485 


The reaction mixture contained 15 wmoles of MgCl2, 100 umoles of potassium phos- 
phate buffer, pH 7.4, 1.0 umole of uracil, 25 mg. of purified enzyme, and the indicated 
amount of DPNH in a total volume of 3.0ml. The reaction was carried out in glass- 
stoppered cuvettes flushed with nitrogen and followed spectrophotometrically at 
260 mu. Reaction time, 5 minutes. 


of DPNH was accompanied by the removal of an equimolar amount of 
uracil. The essentially complete utilization of DPNH by uracil in rela- 
tively low concentrations indicates that the equilibrium of the reaction is 
strongly in favor of uracil reduction. The purified enzyme cannot use 
reduced triphosphopyridine nucleotide in place of DPNH, confirming the 
previous findings with crude extracts (2). 

Effect of pH on Uracil Reduction— “The effect of pH was studied over the 
range of 5.7 to 9.0. Phosphate buffer was used for the range of pH 5.7 to 
7.8 and tris(hydroxymethy)aminomethane (Tris) buffer over the range 
pH 7.4 to 9.0.) Tris buffer was not inhibitory to the enzyme reaction, since 
at pH 7.4 and 7.8 the activities in phosphate and Tris buffers were identi- 
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cal. The optimal pH range was 7.0 to 7.8. Activity fell off sharply on 
either side of this range. For example, at pH 6.5 and 8.2, the relative 
activity was only 33.6 and 59.0 per cent, respectively, of that observed at 
pH 7.4 (Table IV). 

Isolation and Identification of Dihydrouracil As Product of Uracil Reduc- 
tiom—Paper chromatography of reaction mixtures as described previously 
(2) revealed only one spot. Its chromatographic behavior in the three 
solvent systems employed was identical with that of authentic dihydro- 
uracil. 

To obtain a sufficient amount of this compound for identification, a 
large scale experiment was carried out with 0.50 mmole of uracil and 1000 
units of the purified enzyme. All other components of the routine assay 
were increased 40-fold. The system was incubated at 30°, and aliquots 


TaBLeE IV 
Effect of pH on Uracil Reduction 

pH | Relative activity pH Relative activity 

ats per cent per cent 
5.7 5.0 7.8 | 100.0 
6.0 12.0 8.2 | 59.0 
6.5 33.6 | 8.6 | 15.0 
7.0 97.2 | 9.0 | 3.4 
7.4 100.0 


The conditions were as described for the routine assay. Phosphate buffer was 
used for the pH range 5.7 to 7.8 and Tris for pH 8.2 to 9.0. 


were removed and tested for uracil disappearance. When the reaction 
was complete, the protein was precipitated with 5 per cent trichloroacetic 
acid and discarded. 

The product was isolated by precipitation with hexane, as described 
earlier (2). Upon recrystallization from water, 27.0 mg. of white crystals 
were obtained, representing a 46.5 per cent recovery from uracil, the prod- 
uct being assumed to have the molecular weight of dihydrouracil. 

Elementary analysis of the compound as compared with that of dihydro- 
uracil was as follows: 


C,H,O2Ne2. Calculated. C, 42.10; H, 5.26; N, 24.56 
Found. 42.02; 5.04; 24.35 


The product melted at 272-274° and a mixed melting point with authen- 
tic dihydrouracil showed no depression. 

The time of one-half decomposition of the product in 0.1 N NaOH was 
4.8 minutes, the \ maximum was 230 mu, and the e maximum 8.12 X 10°. 
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These values are in essential agreement with those reported for dihydro- 
uracil by Batt et al. (12). Paper chromatography of the alkaline decom- 
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Fic. 2. Infrared spectra of authentic dihydrouracil (upper curve) and the en- 
zymatic product (lower curve) in KBr on a Perkin-Elmer recording spectrophotom- 
eter. The peaks at 13.88 and 15.0 u are due to CO, absorption. 
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Fic. 3. Absorption spectra of uracil and the product of dihydrouracil oxidation. 
The curve represents the spectrum of uracil. ©, values obtained upon complete 
oxidation of dihydrouracil under the conditions described in Fig. 4. 

Fic 4. The oxidation of dihydrouracil to uracil. The reaction mixture contained 
MgCl, 10 zmoles; potassium phosphate buffer (pH 7.4), 150 umoles; uracil 0.5 umole; 
cysteine, 10 hymoles; DPN, 0.05 mole; dihydrouracil dehydrogenase, 25 units, in 4 
total volume of 3.0ml. The control contained all components except dihydrouracil. 
Glucose dehydrogenase (250 units) and glucose (200 wmoles) were added as indicated. 


position product showed the presence of a compound which behaved iden- 
tically with 8-ureidopropionic acid in the solvents employed. 
To establish definitely that the enzymatic product was dihydrouracil, 
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its infrared absorption spectrum was determined and compared with that 
of authentic dihydrouracil. Fig. 2 shows that the enzymatic product 
has the same infrared absorption spectrum as dihydrouracil. 

These data show clearly that the enzymatic product of uracil reduction 
is dihydrouracil. 

Oxidation of Dihydrouracil to Uracil—The reversibility of the conversion 
of uracil to dihydrouracil was demonstrated by incubation of the purified 
enzyme with dihydrouracil under routine assay conditions, except that 
glucose and glucose dehydrogenase were omitted. A compound with the 
ultraviolet absorption spectrum of uracil was formed from dihydrouracil 
(Fig. 3); its complete removal was effected by the addition of glucose and 
glucose dehydrogenase (Fig. 4). The oxidation of DPNH was achieved 
by the action of a DPNH oxidase present in the enzyme preparation. 


DISCUSSION 


By the use of a purified enzyme preparation it was shown that the first 
step in the catabolism of uracil by C. uracilicum involves a DPN H-depend- 
ent reduction of uracil to dihydrouracil. That this is a reversible reaction 
was demonstrated by the quantitative oxidation of dihydrouracil to uracil 
with DPN. The purified enzyme is specific for uracil, not attacking cyto- 
sine, 5-methylcytosine, orotic acid, or thymine. It is also inactive in 
converting dihydrouracil, 8-ureidopropionic acid, or carbamyl phosphate 
to end products. 

The reduction of uracil to dihydrouracil is analogous to the reduction of 
orotic acid to dihydroorotic acid by enzyme preparations from Zymobac- 
terium oroticum (7). Evidence for the reduction of thymine to dihydro- 
thymine by rat liver slices has been presented by Fink et al. (13), although 
the requirement for DPNH was not tested and the reversibility of the 
reaction was not unequivocally demonstrated. The significance of the 
reductive pathway of pyrimidine metabolism was discussed earlier (2). 

It appears that the dihydropyrimidines are important intermediates in 
the catabolism of pyrimidines by a variety of biological systems. What 
role they play, if any, in pyrimidine nucleotide synthesis is not yet known. 
Evidence, however, against their direct conversion to pyrimidine nucleo- 
tides has been presented by Lagerkvist et al. (14), who showed that dihy- 
drouracil was inefficient as a direct precursor of mouse tumor nucleic acid. 
Green et al. (15) have also recently reported that, in Escherichia coli, dihy- 
dropyrimidines were inactive in transglycosidation reactions with thymidine 
under conditions whereby deoxyuridine was readily formed from uracil and 
thymidine. 
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SUMMARY 


An enzyme, dihydrouracil dehydrogenase, isolated and partially purified 
from extracts of Clostridium uracilicum, was shown to catalyze the reaction 


Uracil + DPNH + H+ = dihydrouracil + DPN 


Certain properties of the enzyme were studied. 

The product of uracil reduction was isolated in crystalline form and 
identified as dihydrouracil by the following criteria: paper chromatography, 
melting point determinations, elementary analysis, and ultraviolet and 
infrared absorption spectrophotometry. 


The author wishes to thank Dr. R. J. Foster of the Department of Agri- 
cultural Chemistry for running the infrared absorption spectra. 
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PYRIMIDINE METABOLISM 


III. THE INTERACTION OF THE CATABOLIC AND ANABOLIC 
PATHWAYS OF URACIL METABOLISM* 


By E. 8S. CANELLAKIS 


(From the Department of Pharmacology, Yale University 
School of Medicine, New Haven, Connecticut) 


(Received for publication, February 8, 1957) 


A previous publication of this series had indicated the mechanisms, 
the requirements, and some of the properties of the enzyme systems in rat 
liver which degrade uracil and thymine (1). It was shown that during 
the enzymatic degradation of uracil the rate-limiting step is the initial 
reduction to 5,6-dihydrouracil.! This property facilitates the measure- 
ment of the extent of the enzymatic degradation of uracil-2-C™, since the 
CO. evolved becomes a direct measure of the amount of uracil degraded. 
It had subsequently been shown (2) that rat liver contains a uridine phos- 
phorylase and a uridine kinase, indicating that there are pathways avail- 
able to animal tissues for the anabolism of uracil to the nucleotide stage. 

The experiments to be presented in this communication indicate that 
free uracil can be utilized for the synthesis of RNA by rat liver slices. 
Under certain conditions uracil is almost as effective a precursor for RNA 
synthesis as is uridine, uridine 5’-phosphate, or orotic acid. These results 
can be reconciled with apparently contradictory reports (3, 4) by taking 
into consideration the relative activities of the catabolic and anabolic 
mechanisms as well as the dilution effect on the added radioactive sub- 
strate by the endogenous pool. 

Methods and Materials—In most of the experiments, male white rats 
weighing 180 to 230 gm. were used. The experiments with mice and spon- 
taneous mouse hepatomas were performed on C3H mice obtained through 
the courtesy of Dr. J. Walter Wilson of Brown University at Providence, 
to whom we are grateful. Liver slices were obtained by free-hand section- 
ing (5). The incubation medium consisted of a Krebs phosphate buffer 
(6), which had been modified by raising the phosphate buffer to 35 parts 
while the NaCl had been decreased to 67 parts. To avoid precipitation 


* This investigation was supported in part by grants from the American Cancer 
Society and from the National Institutes of Health, Public Health Service. A pre- 
liminary report was presented in Federation Proc., 14, 324 (1955). 

1The abbreviations used are DHU, dihydrouracil; UMP, uridine 5’-monophos- 
phate; RNA, ribonucleic acid; DNA, deoxyribonucleic acid; TPN and TPNH, tri- 
phosphopyridine nucleotide (oxidized and reduced forms, respectively). 


701 


ied 
1y, 
nd 
29, 
n., 
1). 
L5, 
) 5, 
| | 


702 PARAMETERS IN RNA SYNTHESIS 


of calcium phosphate, the CaCl, was decreased to 0.5 part. To 110.5 ml. 
of this buffer were added 4 ml. of 0.16 mM pyruvate, 4 ml. of 0.10 M L-gluta- 
mate, 7 ml. of 0.10 m fumarate, and 5 ml. of 0.10 m succinate; the solution 
was adjusted to pH 7.2 to 7.4 with NaOH. Increase in the concentration 
of phosphate and elimination of glucose from the medium were found 
necessary in order to avoid the drop in pH which occurred in the presence 
of the relatively large amounts of tissue used in these experiments. 

Unless otherwise noted, 1.5 gm. of liver slices were incubated with 5 ml. 
of the buffer-substrate mixture described above for 90 minutes in a Dub- 
noff metabolic shaker. Experiments carried out in Warburg flasks with 
NaOH in the center well had demonstrated that the loss of radioactivity 
in the medium after incubation of liver slices with uracil-2-C™ could be 
accounted for as CQ, trapped in NaOH during incubation and subse- 
quently isolated as BaCO; (1). Accordingly in routine experiments, 
after incubation, an aliquot of the deproteinized supernatant fluid was 
plated and the conversion to CO, was determined by difference as com- 
pared to zero time controls. 

At the end of the incubation period the samples were cooled in ice and 
concentrated perchloric acid was added to give a final concentration of 
0.4 nN. The samples were homogenized with an additional 5 ml. of cold 
0.4 N perchloric acid. Subsequent treatment was as described by Tyner 
et al. (7). 

The RNA nucleotides were prepared either after an initial salt extrac- 
tion of the RNA and reprecipitation in ethanol, followed by alkali hydroly- 
sis (7), or after overnight treatment of the protein with 0.1 N KOH. The 
mononucleotides were then isolated by column chromatography (8) and 
further purified by paper chromatography (9). Radioactivity measure- 
ments were made on the nucleotides which were eluted from the paper 
chromatograms. These eluates were plated on stainless steel planchets 
(Tracerlab, Inc.), dried in a desiccator under reduced pressure, and counted 
on a gas flow counter to +5 per cent accuracy. The spectra of the iso- 
lated uridylic and cytidylic acids compared well with those published in 
the literature (10). 

The preparation of the uracil-2-C", uridine-2-C", and UMP-2-C" used 
in these experiments has been described (2); each was of the same molar 
specific activity as the orotic acid-2-C™ from which each was prepared. 
When the substrate concentration was the experimental variable, a solu- 
tion of the radioactive precursor was added to a solution of the same non- 
radioactive compound and the mixture was added to the incubation flask. 
The specific activity of the substrate was then calculated on the basis of 
the extent of the dilution by the non-radioactive carrier. The synthesis 
of dihydrouracil-2-C"™ and of 8-ureidopropionic acid labeled in the ureido 
group with C' has been presented (1). 


0 
fi 
la 
th 
tic 
eX 
va 
fo 
4 
ce 


E. S. CANELLAKIS 703 


The intestinal mucosa was obtained by scraping the washed intestine 
of the rat. The equivalent of approximately 250 mg. of a pooled suspen- 


TABLE 
Incorporation of Uridine-2-C“%, UMP-2-C', and Orotic Acid-2-C™ 
into RNA of Rat Liver Slices* 


Specific 
ifi ‘ 
Experi- Specific of | replace- | of replace- acid 
ment 2-C'4 precursor activity of juridylic) ment of | dylic | mentof 4.0.44. Specifi 
No. substrate acid uridylic acid cytidylic ~ to Cina f 
in acidt in acid 
RNA RNA 
a ole X 1073 per 
It | Orotic acid 33 5.15 | 35 | 0.69 9.2 | 0.18 6 3.8 
UMP 33 5.15 42.5) 0.82 7.5 | 0.14 11 5.7 
Uridine 33 5.15 42 | 0.815 9.4 | 0.18 9 4.5 
2 Orotic acid (33 5.15 13.5) 0.26 5.1 | 0.10 7 2.5 
UMP 33 5.15 10.6; 0.23 1.4 | 0.02 11 7.5 
Uridine 33 5.15 14.8 0.29 3.2 | 0.07 12 4.6 
3 Orotic acid | 0.13 1200 930 | 0.077 | 36.0 | 0.003 30 25.5 
UMP 0.13) 1200 74 | 0.006 95 
Uridine 0.13; 1200 44 | 0.0037 93 
4 Uridine 71 2.6 52 | 2.2 18.5 | 0.72 13 2.8 
- 35 5.15 | 74 | 1.45 19.5 | 0.38 26 3.8 
= 3.5 51.5 73 «| 0.145 3.5 | 0.0068 | 95 20.8 
- 0.35 515.0 64 | 0.069 1.8 | 0.0004 | 93 35.7 


* In these experiments 5 gm. of rat liver slices were incubated in 10 ml. of the modi- 
fied Krebs phosphate buffer. 

t Per cent replacement = ((micromolar specific activity of the nucleotide iso- 
lated from RNA X 100)/(micromolar specific activity of the substrate added to 
the incubation mixture)). 

t Experiments 1 and 2 were performed at different times under the same condi- 
tions. These results are included to demonstrate the reproducibility within an 
experiment despite the variation in absolute values among experiments. The 
values for cytidylic acid have consistently shown wider discrepancies than those 
for uridylie acid. 


sion of mucosa from three or four rats was added to each flask containing 
4ml. of incubation medium. 


Results 


Table I, Experiment 4, shows the results obtained when increasing con- 
centrations of uridine-2-C'* were incubated in the presence of rat liver 
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slices. At low substrate concentrations the radioactivity added could be 
accounted for almost completely as C“O.. As would be expected, the 
proportion of the added substrate which was converted to CO, decreased 
with increasing substrate concentrations. Under the same conditions, 
the amount of uridine incorporated into RNA appeared to increase with 
increasing substrate concentrations, as can be seen from the per cent re- 
placement column. This phenomenon may be a reflection of the endog- 
enous pool size of inert uridine. The endogenous pool would alter the 
specific activity of the added radioactive precursor much more at low than 
at high precursor concentrations; this would naturally reflect on the re- 
placement value. This apparent increase in the amount of uridine incor- 
porated into RNA with increasing uridine concentrations may also be due 
to the continuous presence of substrate during the incubation period which 
occurs at high precursor concentrations, in contrast to the low and con- 
tinuously diminishing substrate pool size at low precursor concentrations. 
Friedkin et al. (11) have also described a similar increase of thymidine 
incorporation into DNA _ with increasing thymidine concentration. 
Whether these results represent a real stimulation of RNA synthesis in the 
presence of high substrate levels or whether they represent an experimental 
artifact is difficult to decide at present. The third fact which emerges 
from this experiment becomes apparent when the ratio of the molar specific 
activities of the uridylic and cytidylic acids in RNA is measured with 
increasing substrate concentration. This ratio varies from values as high 
as 30:1 to values as low as 3:1 at high uridine levels. Such variation is 
probably a reflection of the mass action law in the sense that more cytidy- 
lic acid is formed from uridine, as the uridine concentration is increased, 
and can in turn be incorporated into RNA. The latter results help to 
explain the variability of the uridylic to cytidylic ratios reported in the 
literature by various authors (12-14). 

In Table I the relative rates of incorporation of orotic acid, UMP, and 
uridine into RNA also are included. The results are strictly comparable 
only within each experiment, as indicated by comparison of the results 
obtained in Experiments 1 and 2. In Table II are given the results ob- 
tained when uracil, UMP, and orotic acid, each labeled in carbon 2 with 
C™, were incubated with rat liver slices during the same experiment. 
These results show the same general trend indicated by the results of 
Table I. It is interesting to note that, while the per cent replacement for 
the three substrates shows wide variations at low substrate levels, it be- 
comes of the same order of magnitude when the substrate concentration 
is increased sufficiently. These results indicate the uncertainty involved 
in concluding that one or the other of these substrates is a better precursor 
for the uridylic acid of RNA. 
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In Tables III and IV are presented the experimental values obtained 
for the extent of incorporation of uracil-2-C™ into RNA, as well as the 
extent of degradation of uracil, dihydrouracil, and 8-ureidopropionic acid 
by various tissues. Slices obtained from spontaneous mouse hepatomas, 
which incorporated uracil significantly into RNA, degraded uracil, di- 
hydrouracil, and S-ureidopropionic acid to an appreciably lower extent 
than normal liver; only 10 per cent of the added uracil was degraded, as 


TaB_e II 
Incorporation of Uracil-2-C%, UMP-2-C™, and Orotic Acid-2-C™ 
into RNA of Rat Liver Slices* 


Added 
Replacement of substrate 


Specific activity 
uridylic acidt 


2-C™ substrate of substrate 


Specie activit 
of uridylic aci 
in RNA 


degraded to 
CO: 


| uM cP c.p.m. per pmole per cent per cent 
Orotic acid 30.0 62 0.62 9 
8.0 37.4 134 0.35 10 
2.0 150 450 0.30 12 
0.518 1380 0.24 
| | | 
UMP 69.5 | 068 | 15 
| 2.0 | 98.0 | 46.5 0.05 92 
| 0.518 354 | 56 0.016 | 100 
Uracil }30.0 | 18.7 | 66 
| 2.0 | 140 | 47 0.034 | 90 
(0.518 280 12.8 0.0015 98 


* The experiment was performed as described in the text. 
t See Table I. 


compared to normal mouse liver slices, and also an appreciably decreased 
capacity to degrade DHU and 6-ureidopropionic acid was demonstrated. 
Intestinal mucosa, which formed RNA extensively from these substrates, 
did not form CO, at all from 2-labeled uracil and DHU, or £-ureido- 
propionic acid (ureido-C"*). 

Regenerating rat liver, as seen in Table III, exhibited only about one- 
fifth of the activity of normal liver in degrading uracil, but its ability to 
incorporate uracil into RNA, at specific times, was greater than that of 
normal liver. Thus, 48 hours after partial hepatectomy the ability of 
regenerating rat liver to incorporate uracil into RNA was about equal to 
that of the control, but 60 hours after the removal of the hepatic tissue 


be 

he 

ns, 

ith 

re- 
og- 

he 

or- 

ue | | | 
On- 
ns. | 
ine 

on. 

he 

tal 
ges 

ific 

ith 

igh 

Is 

ly- 
ed, 

to 
und 

ble 

Its 
ob- 
‘ith 
nt. 

of 

for 

be- 

10n 

ed 

sor 


706 PARAMETERS IN RNA SYNTHESIS 


this value had increased to about 3 times that of the control. This varia- 
tion may be associated with the diurnal variation in the mitotic index of 


TaBLeE IIT 


Incorporation of Uracil-2-C into Uridylic Acid in RNA by Various Tissues 
and Conversion of Uracil-2-C'4 into Acid-Soluble Nucleotides* 


Conversion ific activi 
nucleotidest 
c.p.m. per umole 
Heqenerating rat liver 48 hrs. after 0.65 58.5 


* The experiment was performed as described in the text. Uracil 2-C'* added 
was 0.518 um with a specific activity of 280,000 c.p.m. per umole. 

t The results are expressed as per cent of the total uracil-2-C" added to the incu- 
bation mixture. 


TABLE IV 


Production of C*O2 from 2-C-'4-Labeled Uracil and Dihydrouracil, 
and 8-Ureidopropionic Acid (Ureido-C') by Various Tissues*t 


CO: production, per cent added radioactivity 


Rat regen- 
| me 
Rat liver | (48 and colintestiall “Tver” | hepatoms 
tectomy) 
100 90 22 0 85 12 
300 95 0 74 21 
8-Ureidopropionic acid.......... 300 95 0 76 37 


* The experiment was performed as described under ‘‘Experimental.’”’ 

t Unpublished experiments by Skold, O., and Reichard, P. (personal communica- 
tion) indicate that, in addition to these tissues, Ehrlich ascites cells which incorporate 
uracil extensively also show a decreased capacity to degrade uracil. 


the liver which occurs in partially hepatectomized rats (15). Jardetzky 
et al. (16) and Hecht and Potter (16) have shown that a diurnal variation 
in the incorporation of precursors into the DNA of the liver also occurs in 
partially hepatectomized mice. This point will be dealt with more fully 
in the discussion. 


| 
= 


x of 


E. S. CANELLAKIS 707 


DISCUSSION 


The high rate of replacement of RNA-uridylic acid by orotic acid as 
compared to the other substrates used at low substrate concentrations 
seems to be an artifact produced by at least two factors. One is the low 
orotic acid concentration in the tissue (17) and therefore the relatively 
small dilution by the inert orotic acid of the pool; the other may be related 
to the relatively lower capacity of the liver to degrade orotic acid. It is 
also possible that the UMP formed from orotic acid does not equilibrate 
with the tissue pool of UMP. This point bears further investigation. At 
high concentrations the dilution of the added substrates by the pool is 
small and the difference in incorporation rates becomes insignificant; at 
this point, even uracil, which has been considered not to be a precursor 
of RNA-uridylic acid, is incorporated to an extent which compares favor- 
ably with that of the other substrates tested. As has been discussed, the 
increased per cent replacement at high substrate concentrations may well 
be a reflection of the endogenous pool dilutions. That such a factor does 
in effect participate can be seen in Table II. The replacement figures for 
orotic acid increase only by a factor of 2.8 from very low to high substrate 
levels, while the corresponding increase in the replacement figures for UMP 
and for uracil are 42 and 77, respectively. In addition to this factor, an 
increase in the rate of synthesis of RNA also may be occurring at high 
substrate levels, as has been described by Friedkin et al. for DNA (11). 
The present system cannot permit an accurate estimation of the relative 
significance of such a process. The extent of C incorporation into the 
cytidylic acid of RNA also appears to be dependent upon the substrate 
concentration, and this phenomenon may well be explained by a greater 
conversion of the substrate to free cytidylic acid at high substrate levels; 
this free cytidylic acid would then be subject to provisions similar to those 
described for the substrates tested. The extent of degradation to CO, 
provides, by difference, the amount of substrate remaining available for 
incorporation into RNA. 

In the present investigation it has also been shown that tissues which 
incorporate uracil into RNA to an appreciable extent have a decreased 
capacity to degrade this compound, or the intermediates of uracil degrada- 
tion, DHU, and £@-ureidopropionic acid. Intestinal mucosa cannot de- 
grade uracil even when the soluble extract fortified with TPNH is used. 
These conditions were used in order to obtain a fraction similar to that of 
rat liver and under conditions which have been demonstrated to be effec- 
tive for the maximal activity of the degradative system (1). Of the tissues 
examined, intestinal mucosa and regenerating rat liver are rapidly growing 
tissues, since the cells of the intestinal mucosa are renewed about every 
35 hours (18), while the regenerating rat liver doubles its weight in about 
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48 hours (19). The same cannot be said of the spontaneous mouse hepa- 
toma. This tissue, after its first appearance as a nodule, requires several 
months before it attains the weight of 1 gm.? It would be erroneous, 
therefore, to group these tissues as rapidly growing tissues, although they 
do have in common a high rate of nucleic acid turnover and have been 
shown to incorporate free pyrimidines into their nucleic acids (4, 20-23), 

The results obtained in these experiments indicate that there exists an 
inverse relationship between RNA turnover and the capacity of the tissue 
to degrade uracil. In Paper II of this series (2), this balance of the deg- 
radative and anabolic pathways was referred to as a possible homeo- 
static mechanism. From the present study it appears that this mecha- 
nism may aid in governing the rate of RNA synthesis, particularly since 
both the degradative and the anabolic pathways are present in the soluble 
cytoplasmic fraction of rat liver (2). This statement is further corrob- 
orated by the fact that the enzyme systems associated with RNA synthesis 
are also present in the same cellular fraction (24). From the results in 
Table II, and as previously discussed, it seems probable that an increase 
in the tissue concentration of the precursor can only increase the incor- 
poration into RNA to a limited extent. It is apparent, therefore, that 
some other factor must be involved in this process in which a decreased 
capacity for degradation is only the first step. This statement is also 
supported by the results with regenerating liver shown in Table III. The 
capacity of this tissue to incorporate uracil into RNA increases and de- 
creases against a constant background of a diminished capacity to de- 
grade uracil.* In other words, the decreased capacity to degrade uracil 
per se seems to be a necessary but not a sufficient cause for an increased 
incorporation of uracil into RNA. 

The cause for the variation of uracil incorporation into RNA seems to 
be associated with the diurnal variation of the mitotic index (15). This 
is also accompanied by a variation in the rate of DNA synthesis (16). 
The responsible agent for this variation may be related to a factor in the 
blood of partially hepatectomized rats (25) which causes an increase in the 
mitotic index of normal rat liver. 


SUMMARY 


1. The incorporation of 2-C'*-labeled uracil, uridine, uridine 5’-phos- 
phate, and orotic acid into the ribonucleic acid (RNA) of various tissues 
has been studied. 


2 Personal communication, Dr. J. W. Wilson, Brown University, Providence, 
Rhode Island. 

3 The results obtained on the regenerating rat liver have been substantiated and 
extended with further experiments (to be published; E. 8. Canellakis and J. J. Jaffe). 
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2. It has been shown that under certain conditions these compounds 
are incorporated into RNA at comparable rates. 

3. The ratio of the molar specific activities of uridylic acid to cytidylic 
acid in RNA is a variable dependent on the concentration of the substrate 
in the incubation medium. : 

4. With increasing substrate concentrations there occurs an increased 
replacement of the uridylic acid of RNA. This phenomenon is discussed. 

5. Among various tissues examined, an inverse relationship between 
their capacity to degrade uracil and their capacity to incorporate uracil 
into RNA has been noted. It has been suggested that this may be part 
of a homeostatic mechanism which, in combination with other factors, 
regulates the rate of RNA synthesis. 


The author wishes to thank Dr. Arnold D. Welch for his interest in this 
work and Miss Coryce Ozanne for her excellent assistance. 
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COMPARISON OF THE AMINO ACID COMPOSITION OF 
T2 AND T3 BACTERIOPHAGES* 


By DEAN FRASERf 
(From the Virus Laboratory, University of California, Berkeley, California) 


(Received for publication, February 25, 1957) 


The bacterial viruses of the T series (1) are composed of approximately 
equal amounts of nucleic acid and protein. ‘This paper considers the ques- 
tion of whether two of these viruses, T2 and T3, which can attack the 
same host cell but which differ greatly in other biological properties, differ 
also in the amino acid composition of their proteins. 


Methods and Materials 


By using the apparatus (2) and medium (3) previously described, we 
have prepared two 4 to 5 liter batches of T2 bacteriophage by infection of 
the usual host, /’scherichia coli, strain B. The raw titers were 1 and 3 X 
10” infectious T2 particles per ml. Purification of these lysates by three 
or four cycles of deliberately wasteful differential centrifugation yielded 
some 1.5 to 2 gm. each of lyophilized T2 bacteriophage which was dried 
in an Abderhalden drier at 56° (boiling acetone). 

All batches were prepared from a master stock of T2 derived from a 
starting stock provided originally by Dr. Max Delbriick. The master 
stock and the purified T2 were typical in their behavior toward anti-T2 
rabbit serum (1). As evidence of its biological homogeneity, the purified 
T2 was shown to give no extraneous plaque types and no more than the 
expected slight titer against F. coli, strain B/2, a host cell specifically 
resistant to T2. The purified T2 was also examined in the analytical 
ultracentrifuge and the electron microscope (4). Both tests indicated no 
discernible contaminants. In the electron microscope the phage appeared 
uniform and essentially free from empty membranes. The T3 prepara- 
tion has been described previously (3). 

The amino acid analyses were made chromatographically by the Moore 
and Stein technique (5, 6), with use of columns of Dowex 50, with slight 
modifications (3, 7). For each determination a 2 to 3 mg. sample of dried 
virus was accurately weighed into a 13 X 100 mm. acid-cleaned test tube 
and mixed with 0.5 ml. of glass-distilled, constant boiling hydrochloric 


* Aided by a grant from the National Foundation for Infantile Paralysis, Inc. 
Presented in part at meetings of the American Association for the Advancement of 
Science at Berkeley, 1954. 

+ Present address, Department of Bacteriology, Indiana University, Bloomington, 
Indiana. 
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acid. ‘The tube was frozen in liquid nitrogen, evacuated to 0.1 mm. or 
less of mercury, and sealed. ‘The sealed section was drawn out and bent 
into a loop about 1 cm. in diameter. A group of such tubes was hung in 
a special hydrolysis apparatus, which consisted of a 2 liter Erlenmeyer 
flask provided with a 24/40 standard taper female joint and with internal 
“pegs” placed about 5 inches above the bottom and made by pushing 
locally heated glass inward (with a tungsten needle) about an inch and 
slightly upward, as in making a Vigreux distilling column. The bottom 
of the flask was covered } inch deep with 1,1,2-trichloroethane, b.p. 
113.5, a condenser was inserted into the standard taper joint, and the tubes 
were maintained in the vapor of the refluxing solvent, for 16 to 110 hours. 
After trying a number of commercial ovens and constant temperature 
baths, we have found this system to be the simplest for reproducible hy- 
drolyses. Each tube was removed and opened, the top portion being 
rinsed into the bottom with a few tenths ml. of water. The subsequent 
preparation of the samples for chromatography was the same as that de- 
scribed by Hirs, Stein, and Moore (7). 


Results 


The complete results of the present analyses are summarized in Table I, 
which compares the amino acid composition of T2 (eight determinations) 
with that of simultaneously hydrolyzed samples of T3 (five determina- 
tions). When the data are compared by use of the ¢ distribution, it is 
concluded that the differences in the content of five of the amino acids 
are significant beyond a 99:1 probability: leucine (¢ = 11.2), histidine 
(t = 8.6), phenylalanine (¢ = 5.9), alanine (¢ = 5.3), and isoleucine (¢ = 
4.3). Other differences of less significance can be shown, but the differ- 
ences in these five amino acids alone are ample to support the essential 
point; z.e., that the same bacterial cell is capable of synthesizing viruses 
with appreciably different amino acid composition. Although other inter- 
pretations are possible, it seems most likely that these differences are an- 
other expression of the genetic differences which are so manifest in their 
biological properties. It is worth noting, however, that T2 and T3 are 
remarkably similar in the general pattern of amino acid composition to 
the host cell protein (8). 

The previous paper on T3 amino acid composition (3) discussed in de- 
tail the reproducibility of the determinations under our conditions. In 
the present work, in order to permit corrections to be applied for the de- 
composition of some of the amino acids during hydrolysis, samples were 
hydrolyzed for 16 and 72 or 110 hours. It is well known that serine and 
threonine undergo appreciable degradation during hydrolysis (cf. Hirs, 
Stein, and Moore (7)). With the intact bacterial virus samples, however, 
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we find an even more pronounced decomposition of tyrosine. Samples of 
tobacco mosaic virus have not shown this effect under identical conditions, 
and it is reasonable to assume that it may arise from an interaction of the 
tyrosine with degradation products of the nucleic acid present in large 
amount in the bacterial virus. We have compensated for these losses by 


TABLE I 
Amino Acid Composition of T2 and T3 Bacteriophages* 


Amino acid per 100 gm. virus (dry weight) 
Amino acid 
T2 (8 determinations) | T3 (5 determinations) rs I 
gm. gm. gm. 
3.5 + 0.14f 4.4 + 0.09f 0.9f 
2.3 + 0.21 2.8 + 0.23 0.5 
Aspartic acid.................. 5.3 + 0.11 5.4 + 0.03 0.1 
Glutamic acid................. 5.4 + 0.11 5.3 + 0.07 —0.1 
0.4 + 0.02 0.8 + 0.05 0.4f 
2.7 + 0.10 4.4 + 0.06 1.7f 
bad 3.0 + 0.04 2.2 + 0.10 —0.8f 
EN cAdivechencdesdsicees 2.9 + 0.16 2.8 + 0.20 —0.1 
Methionine.................... 1.0 + 0.04 0.9 + 0.03 —0.1 
Phenylalanine................. 2.54 0.11 1.6 + 0.04 —0.9f 
1.8 + 0.09 2.1 + 0.08 0.3 
2.7 + 0.12 3.0 + 0.03 0.3 


* Tryptophan and cysteine were not determined (see the text). 

t Standard deviation of the mean. The values with no standard deviation were 
obtained by extrapolation (see the text). 

t Significant difference with a probability of 99 to 1 or greater. 


extrapolation to zero hydrolysis time as described by Hirs, Stein, and 
Moore. We find the following per cent decomposition in 16 hours at 113° 
with constant boiling hydrochloric acid: serine, 9; threonine, 3.5; tyrosine, 
27. Compensation for losses of other amino acids (7) has not seemed to 
be justified by our data. 

An effect which is surely due to the use of intact virus rather than virus 
protein is the considerable increase in the yield of glycine with prolonged 
hydrolysis (9). Since it became obvious that under our hydrolysis condi- 
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tions the decomposition which yields glycine was complete at some time 
between 16 and 72 hours, it was not possible to correct for this effect; Ta- 
ble I presents the 16 hour figures only. For the present purposes it is 
obviously important only that this is a reproducible quantity, since we 
are interested only in comparisons of virus strains. 

The present results do not include determinations of tryptophan and 
cystine-cysteine which would have to be determined separately since they 
undergo major destruction during the hydrolysis. The basic amino acids, 
moreover, are determined on a separate column (6) but have been com- 
bined into Table I by taking the percentages on a dry weight basis. This 
is not completely satisfactory. We have not found the per cent dry weight 
results as reproducible as the per cent total recovered amino acids. The 
errors seem to be in the weighing, and since the dried virus is variable in 
appearance, partly very fluffy and partly fairly compact, we believe that 
the samples vary somewhat in water content despite considerable care in 
the drying. Our determinations of the basic amino acids have had much 
higher standard deviations than our determinations of the neutral and 
acidic amino acids. 

The glutamic acid and methionine determinations have been corrected 
for the small loss always experienced in the present technique, as defined 
by Moore and Stein (6). The figures for T3 are slightly different from 
those published previously (3). This is explained by (1) slightly altered 
hydrolysis conditions and (2) extrapolations of values for the unstable 
amino acids to zero hydrolysis time. 


DISCUSSION 


The T bacteriophages have been known for some years (10) to be com- 
posed of protein and deoxyribonucleic acid in approximately equal amounts. 
The nucleic acid of the virus is, essentially, the only part which enters 
the host cell and is therefore believed to be responsible for its genetic spec- 
ificity (Hershey and Chase (11)). The protein is largely an external coat, 
protecting the nucleic acid from enzyme action, etc., during the extracellu- 
lar existence of the virus. The protein determines the serological spec- 
ificity (10) of the virus and also the host range specificity, providing the 
mechanism by which the virus singles out, attacks, and invades susceptible 
bacteria (10). There are, moreover, reasons to believe that such a division 
of function, between nucleic acid as the information carrier and protein 
as the implementing agent of biological specificity, may be general. Be- 
cause this distinction is so clear cut in the bacterial viruses, they are par- 
ticularly well adapted to study of the relationship between these functions 
and the chemical structures responsible for them. 

The question of the desirability of using intact virus rather than isolated 
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virus protein was decided in favor of the intact virus, with the belief that 
isolation of the virus protein might easily lead to unintentional segregation 
of the protein into undefined fractions. This point of view originated in 
consideration of the serological work which indicates more than one antigen 
in T2 (12) and was strengthened by our observations in the electron micro- 
scope of several distinct morphological components of the protein of the 
virus (13). It would seem of little value to isolate the virus protein unless 
these various components were separated. This subject is under study. 

In a previous paper (3) we have shown that a given strain of bacterial 
virus of well characterized biological properties has equally well charac- 
terized chemical structure, as shown in the amino acid content of its pro- 
tein. It is clear from the results in the present paper that dissimilar bac- 
teria from a common host can differ in gross protein composition, as do 
certain strains of plant and animal viruses (14). With use of the bacterial 
viruses, we have the advantage that we are studying the effect of two 
virus strains on the metabolism of a single cell type under constant genetic 
and physiological conditions. These conditions are almost impossible to 
assure with intact animal or plant hosts. 


SUMMARY 


Amino acid analysis of T2 bacteriophage by ion exchange chromatog- 
raphy shows that this virus differs markedly in amino acid composition 
from T3, a quite dissimilar virus attacking the same host. 


The author wishes to express appreciation of the excellent technical 
assistance of Mrs. Terry Litwin Andrews, Mrs. Mary B. Lawson, and Mrs. 
Barbara Corts Ralls. 
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Although various attempts have been made to isolate a submitochondrial 
fraction capable of oxidative phosphorylation, it was not until the recent 
work of Cooper and Lehninger (1) that any degree of success was achieved. 
Among the techniques used for disrupting mitochondria have been ultra- 
sonic disintegration, freezing-thawing, dispersion with a variety of chemical 
agents, and variations in pH values. Although slight oxidative phospho- 
rylation (low P:O) was sometimes achieved (2), such treatment preserved 
only the oxidative portion of the system. Cooper and Lehninger (1) 
recently obtained a lipoprotein complex from digitonin extracts of rat liver 
mitochondria which was considerably more active than intact mitochondria 
on a weight basis. 

The present study describes a multienzyme preparation from rat brain 
mitochondria which is similar to Cooper and Lehninger’s Fraction P-1 (1) 
in many respects, but at the same time exhibits certain distinct differences. 
After work with a variety of dispersing agents, including digitonin, it was 
found that the detergent Triton! yielded the most active and consistent 
preparations. In addition to oxidizing such substrates as pyruvate and 
glutamate, the submitochondrial fraction from rat brain yields P:O ratios 
closely approaching those of intact mitochondria. 


Methods 


Preparation of Submitochondrial Phosphorylating Complex—Rat brain 
mitochondria were prepared after a modification of the method of Hoge- 
boom et al. (3). Brains (usually four) from adult male Sprague-Dawley 
rats were washed in 0.25 Mm sucrose, homogenized thoroughly in 20 times 
their volume of 0.25 m sucrose in tight fitting glass homogenizers, and 
centrifuged twice at 1000 X g for 5 minutes to remove nuclei, whole cells, 
and erythrocytes. The supernatant fluid was sedimented at 10,000 < g 


* This research supported by a contract between the Office of Naval Research, 
Department of the Navy, and the University of Illinois. 
Triton: WR-1339. Alkyl— a non- 
ionic dispersing agent obtained from the Rohm and Haas Company, Philadelphia. 
717 


| 


718 SUBMITOCHONDRIAL PHOSPHORYLATION 


in the Spinco model L ultracentrifuge for 15 minutes at 0° to yield a mito- 
chondrial residue. After the mitochondria were washed in 20 volumes of 
0.25 m sucrose and again sedimented at 12,000 X g for 15 minutes, they 
were homogenized thoroughly in ice-cold 1.0 per cent Triton containing 
10-*m EDTA? The mitochondria were then centrifuged at 80,000 X g 
at 0° for 20 minutes. As in the case of Cooper and Lehninger’s prepara- 
tion (1), it was possible to obtain a clear supernatant fraction, a “loosely 
packed gelatinous” layer or “fluff,’’ and a more tightly packed residue, Rj. 
The fluff was suspended in 10 ml. of 0.25 m sucrose containing 10~ » 
EDTA and centrifuged at 100,000 X g for 20 minutes to yield residue Frac- 
tion P-1 (after Lehninger’s designation). When again centrifuged at 
100,000 X g, the supernatant fluid yielded a residue P-2. After removal 
of P-2, the clear supernatant fluid was treated with 20 per cent its volume 
of 50 per cent trichloroacetic acid to yield Rs; for subsequent analysis. 
Both Fractions P-1 and P-2 were homogenized in 0.25 m sucrose containing 
10-4 m EDTA, when used for enzymatic studies. Repeated extractions of 
R, yielded relatively inactive preparations of P-1 or P-2, and therefore 
only the first Triton extract was used in the present study. 

Details of the technique used for measuring oxidative phosphorylation 
of brain mitochondria are described elsewhere (4). Phosphorylation was 
measured by determining the remaining orthophosphate at the completion 
of incubation by the method of Fiske and Subbarow (5). Acid-insoluble 
fractions were determined after the method of Schneider (6). The differ- 
ence absorption spectrum of P-1 was determined exactly as described by 
Cooper and Lehninger (1), except that the system contained, in addition, 
0.005 m magnesium chloride. The Beckman recording spectrophotometer 
DK 2 was used to obtain the absorption curve. 


EXPERIMENTAL 


Requirements for Oxidative Phosphorylation in Fraction P-1—In the 
presence of the complete system for measuring oxidative phosphorylation 
of intact brain mitochondria, it was possible to obtain P:O ratios of 2.3 
(Table I). Although omission of magnesium did not completely abolish 
phosphorylation, both oxidation and phosphorylation were considerably 
depressed and the P:O ratio decreased 75 per cent. Neither DPN nor 
cytochrome c was necessary, whereas the omission of fluoride all but com- 
pletely eliminated oxidation and phosphorylation. It was not possible to 
replace ADP with other nucleotides such as UDP, CDP, and GDP. UDP 


2 The following abbreviations were used: EDTA, ethylenediaminetetraacetate; 
ADP, CDP, UDP, and GDP, the diphosphates of adenosine, cytidine, uridine, and 
guanosine, respectively; DPNH, reduced diphosphopyridine nucleotide. 
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and CDP will partially replace exogenous ADP as phosphate acceptors 
when added to preparations of intact rat brain mitochondria.® 


TABLE I 
Requirements for Oxidative Phosphorylation of Brain Mitochondrial Fraction 

The values are an average of three experiments agreeing within 8 per cent. The 
complete system contained (final concentration) 0.008 mM potassium phosphate, pH 
7.5,5 X 10-4 m K-ATP, 0.008 m MgCl», 0.008 m KF, 10-4 m DPN, 2 X 10-* M cyto- 
chrome c, 0.02 mM potassium pyruvate, 0.001 mM potassium malate, 0.5 mg. of yeast 
hexokinase, 0.004 m glucose, and P-1 (0.4 mg. of N) in a total volume of 3.0 ml. In- 
cubation was at 34° for 20 minutes; enzyme was tipped into the main compartment 
after 5 minutes incubation. 


AO, microatoms| AP, umoles P:O one 

DPN... 2.40 5.50 2.28 2 
2.25 5.10 2.27 3 
CDP instead of ADP.......... 0.20 0.00 0.0 100 
we 0.10 0.00 0.0 100 
—_ 0.10 0.00 0.0 100 

TABLE II 


Effect of Various Substrates on Oxidative Phosphorylation of 
Brain Mitochondrial Fraction 
The final concentration of substrate = 0.02 mM, except that DPNH = 0.005 m and 
cytochrome c = 10-4 m. The values are expressed as a mean of the number of ex- 
periments given, and the agreement within each set was usually 5 to 8 per cent. 


Substrate | a0 aP P:0 
microatoms pumoles 

Pyruvate + malate............ S 2.62 6.10 2.31 
oaks 6 3.20 5.80 1.82 
4 2.65 5.18 1.95 
Ascorbate + cytochrome c..... 3 5.00 2.85 0.57 


Substrates Active with Fraction P-1—Many substrates which were utilized 
by intact brain mitochondria were active in the submitochondrial prepara- 
tion (Table II). With succinate as a substrate, the P:O ratios were 


’ Unpublished experiments, Abood, L. G. 
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almost 2.0, whereas with intact mitochondria the ratios were about 1.6, 
and oxygen consumption was generally lower than with pyruvate (4). 
Glutamate was readily oxidized, although the P:O ratio was less than that 
obtained with pyruvate. DPNH appeared to be more active in the P-1 
preparation than with intact brain mitochondria (7). Cytochrome c plus 
ascorbic acid was also effectively utilized by the P-1 preparation; the P:0 
ratio obtained (0.57) is comparable to that observed with the complex 
from liver mitochondria (8). No endogenous oxidation or phosphorylation 
was observable. 


TaB_e III 
Comparison of Effect of Various Inhibitors of Oxidative Phosphorylation on Intact 
Brain Mitochondria (M) and Submitochondrial Fraction P-1 
The inhibitors were homogenized at 0° directly with the mitochondria or P-1l 
before addition to the flasks. 


Fraction AO AP P:0 
microatoms pmoles 

Control P-1 2.58 6.02 2.32 

* M 6.60 18.50 2.81 
CaCle, 0.002 m P-1 1.20 2.50 2.08 10 
M 1.80 3.80 2.10 25 
Phenyl ether, 5 X 10-5 m P-1 2.52 5.65 2.25 4 
M 4.20 3.55 0.84 70 
Reserpine, 5 X 10-5 M P-1 1.00 0.46 0.46 80 
M 3.85 1.52 0.40 84 
Dinitrophenol, 10-4 m P-1 2.45 0.00 0.00 100 
M 6.40 0.00 0.00 100 
Methylene blue, 5 X 10-5 M P-1 1.82 0.00 0.00 100 
M 4.10 0.00 0.00 100 


Comparison of Inhibitors on Intact and Disrupted Mitochondrial Prepa- 
rations—Al]though calcium was somewhat less inhibitory to P-1 than to 
intact mitochondria, at a concentration of 0.002 m it was still a potent 
inhibitor in either system (Table III). Phenyl] ether, however, which was 
an inhibitor of intact mitochondria (9), was completely ineffective on P-1 
at concentrations producing 70 per cent inhibition of P:O in morpholog- 
ically intact mitochondria. All other uncoupling agents studied, including 
2,4-dinitrophenol and the tranquilizing drug, reserpine (9), were equally 
effective on both systems. 

Difference Spectrum of Fraction P-1—The difference spectrum (10, 1) 
between the oxidized and reduced forms of P-1 reveals the presence of a 
number of components of the electron transport system (Fig. 1). Absorp- 
tion maxima and minima were observed at wave lengths associated with 
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the a-, B-, and y-peak of cytochrome c, the reduced forms of flavoprotein 
and cytochrome a, and a- and y-peaks of the cyanide complex of cyto- 
chrome 

Distribution of Acid-Insoluble Components in Various Fractions—The 
P-1 fraction was found to contain one-fourth of the total nitrogen present 
in the original mitochondrial preparation (Table IV). An appreciable 
amount (13 per cent) of the mitochondria ended up in Fraction R3. One- 
fourth of the total nitrogen of the intact mitochondria was not accounted 


DIFFERENCE SPECTRUM. 
0.020- OF SUB-MITOCHONDRIAL COMPLEX 


0.010- 


-0.020- 


350 400 450 500 550 600 650 
Wave length (my) 


Fic. 1. Difference spectrum of submitochondrial fraction, P-1. A cuvette con- 
taining 0.02 M potassium pyruvate, 0.001 mM potassium malate, 0.005 m ADP, 0.01 m 
potassium phosphate (pH 0.5), 0.008 m MgCl., and 0.005 m KCN, and Fraction P-1 
(0.5 mg. of N) in a total volume of 2.8 ml., representing the reduced enzyme complex, 
was read against a “‘blank’”’ cuvette containing everything except the substrates and 
cyanide. The reduced forms of the carriers are designated by roman numerals: 
I, y-peak of cytochrome c; II, y-peak of cytochrome a and cyanide complex of cyto- 
chrome a;; III, reduced flavoprotein; IV, 8-peak of reduced cytochromes b and c; 
V, a-peak of reduced cytochrome c; VI, a-peak of reduced cytochrome a and the 
cyanide complex of cytochrome a3. 


for in the combined residues. Of all the fractions, P-1 contained the 
highest content of phospholipide and nucleic acid. Approximately 85 per 
cent of the total phosphorus in P-1 could be accounted for on the basis of 
phospholipide, a figure which is comparable to that found for the liver 
complex (1). In so far as only about 75 per cent of the total mitochondrial 
nitrogen and nucleic acid could be accounted for, the remainder must be 
present as smaller molecular weight components in the soluble fraction. 
Electron Micrographs* of Mitochondrial Preparations—Morphologically 
intact brain mitochondria, prepared in isotonic sucrose, are spherical in 
shape and from 0.5 to 1.0 uw in diameter (lig. 2, a). The disintegrated 


‘The authors are indebted to Dr. J. P. Marbarger for the electron micrographs. 
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IV 
Acid-Insoluble Components of Rat Brain Submitochondrial Fractions 
and Intact Mitochondria 
The values are expressed in terms of mitochondria isolated from 1.0 gm. of wet 


weight of whole rat brain, and are an average of three determinations agreeing within 
7 per cent. 


weight Nitrogen | Phospholipide 
| Total | | p nucleotide) 
chondria | chondria 
| me. | | uM | uM uM | uM 
Intact mitochondria... 148 275 40 | 14.6 | 0.9 
78 53 94 34 25 | 3.4 0).2S 
P-1.. 25 17 67 24 7.0 | 4.6 0.26 
2 73 2.7 1.1 | 0.7 | 0.05 
R; | 16 | 11 35 | 13 | 4.2 1.1 0.10 


* 
* 
4% 


Fig. 2a, 2b, and 2c. An electron micrograph! (shadow cast) of intact brain mito- 
chondria (2, a), of Fraction P-1 without shadow casting (2, 6), and with shadow 
casting (2,c). The mitochondria and Fraction P-1 were suspended in 0.1 per cent os- 
mie acid (adjusted to pH 7.0) for 15 minutes, and then washed consecutively with 50, 
75, and 95 per cent ethanol. The final suspension was in 0.01 per cent Tween 80 (a 
detergent). 


l'raction P-1 consists of heterogeneous particles varying in diameter from 
0.1 to 0.01 w (Pig. 2, 6). After shadow casting, the particles in Fraction 
P-1 appeared to be more or less spherical, although the presence of rather 
flattened large particles was occasionally apparent in some preparations 
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(Fig. 2, c). Intact mitochondria, or particles approaching mitochondria 
in size, Were never observed in the microscope with any preparations of 
Fraction P-1. 


DISCUSSION 


The present study is comparable to the work of Lehninger and co- 
workers (1) in that a submitochondrial fraction is found to be capable of 
carrying on oxidation and phosphorylation at a rate comparable to that 
of morphologically intact mitochondria. Although the particle size and 
weight, as adjudged by both electron microscopy and ultracentrifugal 
studies, appear to be the same for both preparations, most of the tricar- 
boxylic acid components are still fairly well preserved in the brain prepara- 
tion in contradistinction to Lehninger’s liver fraction, where the only oxi- 
dases with appreciable activity were succinic acid and 8-hydroxybutyric 
acid. At present, no explanation for this difference is apparent other than 
the possibility that treatment with digitonin was considerably more de- 
structive than with Triton. Preliminary studies with digitonin extracts of 
brain mitochondria prepared according to Cooper and Lehninger (1) sup- 
port this contention. Although such extracts behaved similarly to the 
Triton extracts, the activity was less than one-third. On the other hand, 
Triton extracts of liver mitochondria have yielded preparations which were 
similar to Lehninger’s digitonin extracts. It is not surprising that this 
difference exists between liver and brain mitochondria in view of their 
many chemical and biochemical distinctions (4, 7). 

Another rather important difference between the brain and liver sub- 
mitochondrial fractions concerns the effect of bivalent cations. Although 
the liver fraction requires no Mg**, and is actually inhibited by Mg** (1), 
the brain preparation will not function optimally without exogenous Mg**. 
The elimination of EDTA from the preparation did not affect the require- 
ment for Mg++. While still acting as an effective uncoupling agent of the 
brain preparation, although somewhat less so than on intact brain mito- 
chondria, Ca++ ions were not inhibitory to the enzyme complex of liver 
(1). In the case of brain mitochondria it is difficult to reconcile this un- 
coupling action of Ca** to the concept that this cation acts by altering 
structural organization within mitochondria (11), since the brain prepara- 
tions were already disrupted fragments. At this time, no explanation can 
be offered for the difference in either the Ca++ or Mg++ effect on the liver 
and brain submitochondrial preparations. 

Other than the considerable difference in the particle size, the only out- 
standing difference thus far noted between the brain submitochondrial 
fraction and intact mitochondria is in the uncoupling effect of phenyl! ether. 
Whereas phenyl! ether is an extremely potent inhibitor of oxidative phos- 


724 SUBMITOCHONDRIAL PHOSPHORYLATION 


phorylation in intact brain mitochondria (9), it is completely inactive in 
the submitochondrial preparation at 100 times the concentration. This 
finding is analogous to the observation that thyroxine is not inhibitory to 
the liver enzyme complex (12). It would appear that the mechanism of 
action of phenyl ether on brain mitochondria is through an alteration of 
mitochondrial structure, as was demonstrated to be the case for the thy- 
roxine inhibition of liver mitochondria (12). The similarity in the effect 
of phenyl ether and thyroxine is especially noteworthy in view of the fact 
that phenyl ether comprises the nucleus of the thyroxine molecule (9). An 
additional factor worth noting is that ADP appears to be the specific phos- 
phate acceptor for the submitochondrial fraction from brain and liver (8), 
while UDP and CDP are substituted in part for exogenous ADP in intact 
mitochondrial preparations. It seems, therefore, that the action of CDP 
and UDP is mediated through ADP, and, once the endogenous ADP was 
removed from intact mitochondria through disruption, these nucleotides 
were no longer active. 

The explanation for the metabolic differences of the enzyme complexes 
of liver and brain awaits further investigation. It is likely, however, that 
the phosphorylating complex of brain mitochondria is associated more 
intimately with the oxidases than is the case with liver mitochondria, when 
only two oxidases were present in the phosphorylating complex (1). With 
the possible exception of succinic oxidase it has not been possible to isolate 
a phosphorylating submitochondrial fraction from brain lacking in one or 
more of the oxidases present in intact mitochondria. With the diminution 
of phosphorylating activity during mitochondrial disruption, there appears 
to be a corresponding loss in the various oxidases. 


SUMMARY 


1. A submitochondrial fraction has been isolated from Triton extracts of 
brain mitochondria which is capable of carrying on oxidative phosphoryla- 
tion with a variety of Krebs cycle intermediates. 

2. The fraction is of a very small particle size, and contains many of the 
components of the electron transport system. 

3. Mg** and adenosine diphosphate (ADP) appear to be absolute re- 
quirements for oxidative phosphorylation, while exogenous cytochrome ¢ 
and DPN are not. Other nucleotides will not replace ADP as phosphate 
acceptor. 

4. The submitochondrial fraction from brain is compared with a prepa- 
ration isolated from liver mitochondria by similar needs. 
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ANALOGUES OF ACETYL CHYMOTRYPSIN 


By C. E. McDONALD* anpb A. K. BALLS 
(From the Department of Biochemistry, Purdue University, West Lafayette, Indiana) 


(Received for publication, February 28, 1957) 


Previous papers (1, 2) have reported the acylation of chymotrypsin 
with several nitrophenyl acetates. It was of obvious interest to test the 
behavior of nitrophenyl esters of other acids in the same connection. It 
now appears that chymotrypsin may be acylated by a number of acids 
differing considerably from acetic acid in structure. Benzoyl and salicyl 
chymotrypsins were prepared and found to resemble the acetyl derivative 
rather closely in so far as they were examined. On the other hand, hip- 
puryl chymotrypsin forms and decomposes so rapidly that we have been 
unable to work with it. The stability, as well as the rate of formation of 
the acylated enzyme, has thus been found to vary with the nature of the 
acyl group, as might be expected if the acylated enzyme does indeed cor- 
respond to an intermediate in normal enzyme catalysis. A somewhat 
similar effect appears in the transesterification reaction of chymotrypsin 
(3), in that isobutyl and tert-butyl alcohols react very slowly in comparison 
to their straight chain analogues. Our attention was thus directed to the 
acids corresponding to those alcohols, namely isobutyric and trimethyl- 
acetic acids. 


Materials and Methods 


The nitrophenyl esters were made by the conventional methods which 
employ the appropriate acid chloride and pyridine. Hippuryl chloride 
was prepared according to Emil Fischer (4). After coupling, the reaction 
mixture was poured into dilute acetic acid and ice. The solid matter 
so obtained was dissolved in acetone and precipitated by the addition of 
water. If not crystalline, such precipitates became so upon standing at 
5°. Three crystallizations were made in the same manner. The com- 
pounds were identified by melting point, when known, and by colorimetric 
estimation of the nitrophenol liberated on saponification with alkali. 

The following analytical data were obtained with those compounds 
that have not to our knowledge been previously described. 

2,4-Dinitrophenyl Benzoate—Found, C 54.3, H 2.80, 2,4-dinitrophenol 
63.3; calculated, for C);HsOgN2, C 54.2, H 2.79, 2,4-dinitrophenol 63.8. 
Observed m.p., 130-131°. 

* Postdoctorate Fellow, Purdue University. Journal Paper No. 1081 of the Pur- 
due Agricultural Experiment Station, Lafayette, Indiana. 
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p-Nitrophenyl Hippurate—Found, C 60.08, H 3.93, N (Dumas) 9.44, 
p-nitrophenol 46.3; calculated, for CysHi2OsN2, C 60.0, H 4.00, N 9.34, 
p-nitrophenol 46.3. Observed m.p., 170—171°. 

p-Nitrophenyl Isobutyrate—Found, C 57.4, H 5.37, N (Dumas) 6.75, 
p-nitrophenol 66.5; calculated, for CioHiO.N, C 57.5, H 5.26, N 6.70, 
p-nitrophenol 64.4. Observed m.p., 39—40°. 

p-Nitrophenyl Trimethylacetate—Found, C 59.3, H 5.84, N (Dumas) 
6.30, p-nitrophenol 62.4; calculated, for C,,;H,,;0,N, C 59.2, H 5.84, N 
6.28, p-nitrophenol 62.5. Observed m.p., 94—95°. 

p-Nitrophenyl Hydrocinnamate—Found, p-nitrophenol 52.2; calculated, 
for Cy3H,3;0,N, p-nitrophenol 51.4. Observed m.p., 97—98°. 

The acyl chymotrypsins' were prepared as previously described for 
acetyl chymotrypsin, with ether for the extraction of residual nitropheny! 
ester and charcoal to remove nitrophenol (2). Neither isobutyryl, hydro- 
cinnamoyl, nor hippuryl chymotrypsin was isolated from its solution; the 
first two were not required in these experiments, and hippuryl chymotryp- 
sin was too unstable. p-Nitrophenylbenzene sulfonate reacted very 
slowly with chymotrypsin and was not studied further; p-nitropheny! 
potassium sulfate? did not appear to react at all. Trimethylacety! chy- 
motrypsin crystallized readily from one-third saturated ammonium sulfate 
solution at pH 4.0, after an initial precipitation from the reaction mixture 
at two-thirds saturation. The crystals were cube-like but often occurred 
as twins. However, the substance decomposed during subsequent crys- 
tallizations, yielding typical crystals of the parent enzyme in active form. 
Spontaneous decomposition of trimethylacetyl chymotrypsin also took 
place upon storage, probably owing to traces of water absorbed by the 
protein after being dried in a vacuum (a common occurrence with pro- 
teins). After 30 days storage at 5°, the characteristic odor of trimethyl- 
acetic acid was pronounced, and the material had lost about half of its 
potential activity. 


Results 


Rate of Reaction Shown by Different Acyl Groups—The rate of reaction 
of several nitrophenyl esters with chymotrypsin is shown in Fig. 1.’ It is 
obvious that both the rate of acylation and the rate at which the acylated 
protein breaks down vary with the nature of the substituent group. In 


1 The molecular weight of chymotrypsin is taken as 25,000 in this paper. 

2 Prepared according to Burkhardt and Lapworth (5). 

’ The reaction of 2,4-dinitrophenyl benzoate is not shown because this substance 
is quite insoluble and thus unsuited for colorimetric measurements. However, it was 
observed qualitatively to react with chymotrypsin at pH 5.0 when partly in sus- 
pension, so the benzoylated protein was prepared in the usual manner and has been 
used in some of the following experiments. 
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the short time occupied by these experiments, the breakdown of the tri- 
methylacetyl complex was negligible. 
The slowness of the acylation by p-nitrophenyl trimethylacetate, to- 
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Fig. 1. The rate of reaction (liberation of nitrophenol) between chymotrypsin and 
several nitropheny!] esters. Corrected for the spontaneous decomposition of the sub- 
strate, which was in all cases practically negligible. The system consisted of 10.0 
ml. of 0.07 m phosphate, pH 6.2, containing 4.5 mg. (0.18 wmole) of a-chymotrypsin 
and substrate as below. Temperature, 28°. X = p-nitrophenyl hippurate (2.0 
umoles), © = p-nitrophenyl acetate (2.5 wmoles), A = p-nitrophenyl! isobutyrate 
(2.5 umoles); © = p-nitrophenyl trimethylacetate (1.0 umole). 

Fic. 2. Showing agreement of the data for p-nitrophenyl trimethylacetate at pH 
6.2 (from Fig. 1) with second order reaction kinetics: a, initial molar concentration 
of substrate (1.0 K 10-4 m); 5, initial concentration of free enzyme (1.8 XK 1075 M); 
z, concentration of acylated enzyme (taken as equal to concentration of free nitro- 
phenol) at time ¢. 


gether with the stability of the acylated enzyme, offers a good opportunity 
to study the kinetics of the reaction at relatively high pH levels. None 
of our experiments was designed with this in view or the ratios of enzyme 
to substrate would have been more appropriately chosen. Nevertheless, 
it may be of passing interest that the course of the reaction shown in Fig. 1 
for the trimethylacetate (at pH 6.2) follows second order kinetics until 
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about 80 per cent complete (Fig. 2). Values for the initial velocities were 
also calculated from the apparent second order constants in other experi- 
ments at several pH levels. The enzyme concentration in these cases 
was 6.5 & 10-* m and the initial concentration of substrate was 10~‘ mM. 


TABLE I 
Hydrolysis of Acyl Chymotrypsin at 28°* 
Ester used Molarity | pH | Rate Bydro-| 
mole per fort. 
p-Nitrophenyl acetate 2.0 X 10° 6.20 | 0.0026 1.0 
6.70 0.0068 2.6 
7.20. 0.013 5.0 
7.60 0.022 8.5 
p-Nitropheny] isobutyrate 2.0 X 6.20 0.00096 0.37 
6.70 | 0.0029 | 1.1 
0.0040 | 1.5 
7.60) 0.0064 2.5 
p-Nitrophenyl trimethylacetate 1.0 X 10°* | 6.20 | 0.000084 0.032 
6.70 | 0.00018 0.069 
7.20 0.00029 0.11 
7.60 0.00040 0.15 
p-Nitrophenyl hydrocinnamate 1.5 X 10° | 6.20 0.041 16.0 
p-Nitrophenyl hippurate 2.0X 10% 6.20 0.27 | 100.0 
L-Tyrosine ethyl ester 0.05 | 6.2 47f | 18,000 


* The initial reaction mixture consisted of 0.20 ml. of substrate solution (in 
acetone), 0.90 to 4.5 mg. of enzyme in 0.2 ml. of water, and enough 0.07 m phosphate 
buffer of the desired pH to make a total volume of 10.0 ml. The enzyme was added 
at zero time except in the case of the hippurate in which the substrate was introduced 
last. 

t The starting solution of 3.00 ml. of 0.050 m L-tyrosine ethyl ester and 0.10 mg. 
of a-chymotrypsin (introduced in 0.010 ml. of water) was titrated at pH 6.2 with 
0.355 N NaOH at 30°. The rate is calculated to a temperature of 28° (assuming a 
Qo of 2.0). 


The values X 108 were as follows: At pH 6.7, 4.9; at pH 7.2, 7.8; and at 
pH 7.6, 10 moles per second. These values should give an approximate 
idea of the dependence of the speed of reaction upon pH. Second order 
kinetics has been found to fit the analogous reaction with nitropheny! 
acetate’ and the somewhat similar case of the inhibition of acetyl esterase 
by diisopropyl fluorophosphate (7). 


4TIn a private communication Dr. Hans Neurath and Dr. Gordon Dixon of the 
University of Washington have recently informed us of an elegant series of measure- 
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The relative rates at which several acyl chymotrypsins were hydrolyzed 
at four pH levels appear in Table I. The rates were calculated from the 
later (steady state) portions of curves similar to those in Fig. 1 but usually 


TABLE II 
Hydroxamic Acid Formation 
Microequivalents of hydroxamic acid per umole 
(25 mg.) chymotrypsin derivative 
pH 
Acetyl Benzoy! Trimethylacety] 
5.0 0.4 0.6 
5.5 1.0 
6.0 1.1 
6.2 0.8 
6.7 0.9 
7.2 0 
10.1 0 
11.7 1.0 1.3 0.2 
TABLE III 
Ratio of Milk-Clotting and Esterolytic Coefficients after Activation by Alkali* 
Time TEEt | Kuet | 
days 
Chymotrypsin (3 times crystallized)........ 0.038 3.0 0.013 
Benzoyl chymotrypsin..................... 1 0.027 2.5 0.011 
Trimethylacetyl chymotrypsin§............ 10 0.030 2.7 0.011 


* Tested 35 minutes after solution in 0.07 m phosphate buffer, pH 7.5. 

t Splitting of tyrosine ethyl ester under the conditions described previously (3) 
expressed as milliequivalents per minute per mg. of enzyme protein. 

t Milk-clotting activity by the method described previously (1). K = 1/t X mg., 
the reciprocal of the clotting time in minutes X mg. of enzyme protein. 

§ pH_ 8.0, as described in Fig. 4. Results calculated to 25° on the assumption 
Qio = 2. 
extended over a longer time. It may be noted that the rates are all pH- 
dependent. 

The behavior of p-nitrophenyl hippurate, which appears to decompose 
so rapidly, is in fact rather sluggish when compared to that of a “‘good”’ 


ments made at very short time intervals on the much less stable acetyl system. Ref- 
erence is made to their thorough study which has now appeared (6). 
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ester substrate of chymotrypsin. Thus, at pH 6.2, L-tyrosine ethyl ester 
is hydrolyzed about 180 times as fast as p-nitrophenyl! hippurate, and the 
latter, about 100 times as fast as the corresponding acetate. Although 
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Fic. 3. Reactivation in the presence of 0.05 m L-tyrosine ethyl ester, pH 6.2, at 
30° and 0.025 mg. of protein in a total volume of 3.0 ml. © = active chymotrypsin, 
A = acetyl chymotrypsin, © = isobutyryl chymotrypsin, @ = benzoyl chymotryp- 
sin (the results calculated from an experiment at 25° assuming Qi) = 2), and X = 
trimethylacetyl chymotrypsin. 

Fig. 4. Activation of trimethylacetyl chymotrypsin at pH 8.0. The initial re- 
action mixture was 9.7 mg. of protein dissolved in 1 ml. of 30 per cent glycerol and 
70 per cent 0.1 m phosphate, pH 8.0, at about 25°. Suitable fractions of this solution 
were taken for esterolytic and milk-clotting tests, the latter containing an amount 
of active enzyme sufficient to clot 10 ml. of pasteurized skim milk, pH about 6.5, con- 
taining 0.01 m CaCl», in 1 to 2 minutes at 40° (1). The esterolytic activity is the 
usual zero order rate with tyrosine ethyl ester per mg. of protein. The milk-clotting 
constant is expressed as 1/t (minutes) per mg. of protein. © = milk-clotting activ- 
ity of the mixture containing trimethylacetyl chymotrypsin, © = esterolytic activ- 
ity of the same, A = milk-clotting activity, and @ = esterolytic activity of active 
(unacylated) chymotrypsin. 


6.2 is optimal for the hydrolysis of the tyrosine ester, this is far from being 
the case with the other substrates. 

Stability of Acylated Enzyme—Two criteria have been used: the pH 
level at which nearly complete reaction with hydroxylamine took place, 
(Table II) and the rate of the return of activity in mildly alkaline solutions 
(Table III). Hydroxamic acid formation, measured as previously de- 
scribed (2) (according to Hestrin (8)), is shown in Table II. There is no 
marked difference between the behavior of benzoyl and acetyl chymotryp- 
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sin. On the other hand, trimethylacetyl] chymotrypsin reacted incom- 
pletely, even at a pH level where such stable esters as ethyl acetate react 
quantitatively. 

It is evident from Fig. 3 that, with the other acylated chymotrypsins 
tested, a substantial return of activity occurred in a few minutes in the 
presence of tyrosine ethyl ester at pH 6.2, but not with trimethylacetyl 
chymotrypsin. However, complete reactivation of this substance has 
been attained under the conditions described in Fig. 4, in essence, when 


oO 


P - NITROPHENOL 


MOLES 
° 
On 


Te) 20 30 
MINUTES 

Fic. 5. Transesterification reaction between p-nitrophenyl trimethylacetate 
and n-butanol catalyzed by chymotrypsin. Corrected for the (very small) sponta- 
neous liberation of nitrophenol. The reaction mixture consisted of 10 ml. of 0.07 m 
phosphate, pH 7.6, 1.0 umole of p-nitrophenyl trimethylacetate (added in 0.2 ml. of 
acetone), 4.0 mg. (dry weight) of a-chymotrypsin, and n-butanol when used. Tem- 
perature, 23°. © = no butanol, and A = 0.33 mM n-butanol. 


the inert protein was exposed to an unfavorably alkaline pH in the pres- 
ence of glycerol to protect it from denaturation.°® 

It was of interest to see whether the reactivated protein possessed the 
same ratio of esterolytic and milk-clotting activities as the original. Table 
III shows that this was so in all the cases tested. Moreover, the spon- 
taneous decomposition which sometimes occurs during storage affects 
both properties of the protein to the same extent. 

Transesterification—No effort was made to study transesterification 
with all the chymotrypsin derivatives described here, but the outstanding 
stability of the trimethylacetyl derivative induced us to test this case. 
Fig. 5 indicates that chymotrypsin mediates the transfer of trimethyl- 


5 This scheme was not successful in reactivating a phosphorylated chymotrypsin 
(bis [p-chloropheny]l] phosphoryl chymotrypsin), although the exposure time was 
greatly lengthened. 
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acetyl to n-butanol, although when the pH and the quantity of enzyme 
used are considered, the rate is very much slower than in the case of acety]. 


DISCUSSION 


The existence of a wide variety of acylated chymotrypsins appears to 
be possible. Under otherwise comparable circumstances, both the rate of 
formation and the subsequent rate of decomposition (the stability) of the 
acylated protein obviously depend to a great extent upon the nature of the 
substituent group. The stability of these derivatives differs very greatly. 
One decomposes almost instantly (whereby the enzyme becomes a good 
catalyst); another exhibits stability approaching that of the phosphoryl- 
ated chymotrypsins (whereby the “substrate”? becomes a good inhibitor). 

The marked lability of hippuryl chymotrypsin suggests that the pres- 
ence of a peptide linkage in the acylating group decreases the stability of 
the complex. This appears to be a reasonable idea in view of the fact 
that the esters known to be most rapidly split by the enzyme do contain 
a peptide bond. The same conclusion may be reached if it is allowable 
to compare the behavior of the hippuryl with the benzoyl derivative, 
which is much less labile. 

The marked stability of trimethylacetyl chymotrypsin suggests that 
the presence of a branched carbon chain in the acylating group tends to 
increase the stability of the acylated protein. The same conclusion is 
presented (though not so forcefully) by the behavior of isobutyryl chy- 
motrypsin. There is also some evidence that stability in the phosphoryl- 
ated chymotrypsins and phosphorylated choline esterases is_ likewise 
increased by the presence of a branched carbon chain (9). The oppor- 
tunity is thus afforded through the nitropheny] esters of preparing inhibi- 
tors of chymotrypsin and choline esterase of almost any desired potency. 
Some of these inhibitors offer obvious possibilities as insecticides and the 
like. 

It is well known that both acids and alcohols of branched structure 
are esterified (by H* catalysis) with greater difficulty than their isomers 
with straight carbon chains. Moreover, the branched esters, once they 
are formed, undergo base hydrolysis less readily (10). Since the speed 
with which acyl chymotrypsins are reactivated increases greatly with 
OH~— concentration, the case is presumably one of base hydrolysis. Thus 
steric hindrance referable to the substrate itself may well be invoked to 
explain the stability of trimethylacetyl chymotrypsin. Just what role the 
configuration of the protein plays in this is not obvious, yet it must be an 
important one if the process is to be considered enzymatic. It may be 
noted that all of the nitrophenyl esters tested, with two exceptions (the 
sulfate and phosphate), reacted at least to some extent with chymotrypsin. 
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Clearly, there is no marked display of enzymatic specificity in these reac- 
tions. 

Yet there are some reasons for considering this process of acylation and 
deacylation as an example, perhaps a typical one, of enzymatic ester or 
peptide hydrolysis. Of the proteins known to catalyze the hydrolysis 
of nitrophenyl acetates, only those that are well recognized hydrolytic 
enzymes possess this property to any marked degree. In the most studied 
case, that of chymotrypsin, a single group essential to all the activity 
of the enzyme is preferentially acylated, and the enzyme is thereby inacti- 
vated so long as the combination lasts. The lack of specificity for the 
acylating group, which is so apparent with chymotrypsin, appears to be 
due to sole dependence of the reaction on the nitrophenyl group. How- 
ever, it should be remembered that chymotrypsin is probably the most 
versatile hydrolytic enzyme to have been studied. 

Another reason for considering the participation of the protein as impor- 
tant is the transesterification reaction (3) which may be observed best 
with chymotrypsin and was not observed to occur with such proteins as 
insulin and serum albumin. It is clear that in a transesterification chy- 
motrypsin exhibits a decided preference for straight chain alcohols. More- 
over, no such preference is shown by acetyl benzoyl histidine methyl ester 
(which is formed as an intermediate in the breakdown of nitrophenyl 
acetates by benzoyl histidine ester), although there is definite evidence of 
a slow transesterification reaction in the presence of free alcohols (11). 
The behavior of the protein, however, may be interpreted in opposite 
ways. Either the branched alcohol does not combine readily with the 
enzyme while the normal isomer does, or else both alcohols combine but 
the formation of the new ester is hindered in the case of the branched 
alcohol. The first case would indicate specificity on the part of the pro- 
tein and would imply a special grouping as an anchorage for the alcohol. 
The second case might well be just another example of steric hindrance, 
with no implication of a particular binding place. We hope to decide the 
alternative soon. 


SUMMARY 


Chymotrypsin has been successfully acylated by a number of nitro- 
phenyl esters whose acyl groups differ widely in structure. Both the 
speed of acylation and the stability of the resulting product varied with 
the nature of the acyl group. Both reactions were pH-dependent. 

When the acylating group contained a peptide linkage (hippuryl chymo- 
trypsin), the acylated protein was decidedly less stable than acetyl chymo- 
trypsin. On the other hand, when the acyl group was an aliphatic acid 
With a branched carbon chain, a greatly increased stability in weakly 
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alkaline solution was observed. This was well illustrated by trimethyl- 
acetyl chymotrypsin. Compared with other acyl chymotrypsins tested, 
the substance formed slowly and decomposed very slowly, thus offering an 
excellent material for kinetic studies. It may be crystallized, it reacts 
incompletely with hydroxylamine even in strongly alkaline solutions, and 
it reverts slowly to chymotrypsin in the presence of tyrosine ethyl! ester. 
It is readily reactivated at pH 8 under special conditions, when both the 
milk-clotting and the esterolytic properties of the original enzyme are 
recovered almost completely. 

The existence of a great variety of acylated chymotrypsins, whose 
individual stability may vary between wide limits, appears possible. 
Thus, the very stable phosphorylated chymotrypsins are at one end of such 
a scale while substituent groups containing a peptide linkage appear to be 
near the other end. 


The authors are greatly indebted to Mr. K. C. Tseng for the prepara- 
tion and study of benzoyl chymotrypsin and to Mrs. Lucinda F. Hayes 
for technical assistance. 


BIBLIOGRAPHY 

1. Balls, A. K., and Aldrich, F. L., Proc. Nat. Acad. Sc., 41, 190 (1955). 

2. Balls, A. K., and Wood, H. N., J. Biol. Chem., 219, 245 (1956). 

3. McDonald, C. E., and Balls, A. K., J. Biol. Chem., 221, 993 (1956). 

4. Fischer, E., Ber. chem. Ges., 38, 605 (1905). 

5. Burkhardt, G. N., and Lapworth, A., J. Chem. Soc., 684 (1926). 

6. Dixon, G., and Neurath, H., J. Biol. Chem., 225, 1049 (1957). 

7. Jansen, E. F., Nutting, M.-D. F., and Balls, A. K., J. Biol. Chem., 175, 975 (1948). 
8. Hestrin, S., J. Biol. Chem., 180, 249 (1949). 

9. British Intelligence Objectives Sub-Committee Report No. 714 (1945). 
10. Ingold, C. K., Structure and mechanism in organic chemistry, Ithaca (1953). 
11. Brecher, A. 8., and Balls, A. K., J. Biol. Chem., 227, 845 (1957). 


EFFECT OF VITAMIN By DEFICIENCY AND FASTING ON THE 
INCORPORATION OF P® INTO NUCLEIC ACIDS AND 
PHOSPHOLIPIDES OF INFANT RATS* 


By B. L. O’DELL ano J. H. BRUEMMER 


(From the Department of Agricultural Chemistry, University 
of Missouri, Columbia, Missourt) 


(Received for publication, December 26, 1956) 


Histochemical studies have shown a decreased concentration of cyto- 
plasmic pentose nucleic acid! in the liver (1-4), pancreas (2), spinal cord 
(3), and cervical ganglia (3) of vitamin B,.-deficient rats. The concen- 
tration of both PNA and DNA per gm. of tissue was decreased in livers 
from weanling rats fed a diet containing iodinated casein, but the amount 
per cell was unchanged (5, 6). Comparison of new born rats from control 
and vitamin By,s-depleted dams (7) showed no difference in the DNA or 
PNA concentration per gm. of liver tissue, but the deficient livers con- 
tained slightly less PNA per cell. Brain tissue from the deficient off- 
spring had more cells and more DNA per gm. of tissue, but the amount of 
DNA per nucleus was unchanged. The amount of PNA per brain cell 
was less in the deficient animals. Recent observations on growing rats 
produced by vitamin Bj2-depleted dams (8) confirmed earlier results that 
the concentration of DNA and PNA per gm. of liver is decreased and 
demonstrated a decreased rate of PNA and DNA regeneration after partial 
hepatectomy. 

From carcass analyses it has been postulated (9) that vitamin By, plays 
a role in carbohydrate and fat metabolism. An extension of this study 
(10) showed that a deficiency of vitamin B,,2 results in a derangement of 
carbohydrate utilization and a decreased phospholipide content of blood 
and tissues. 

In order to gain more insight into the effect of vitamin B,2 on nucleic 
acid and phospholipide metabolism, a study was made of P*® incorporation 
into brain and liver tissue of new born rats from vitamin B,.-depleted and 
control dams. The specific activity of the acid-soluble phosphorus de- 


* Contribution from the Missouri Agricultural Experiment Station, Journal Series 
No. 1701. Approved by the Director. Supported in part by a research grant No. 
A352, from the National Institute of Arthritis and Metabolic Diseases of the National 
Institutes of Health, Public Health Service. This grant was made to Dr. A. G. Ho- 
gan, principal investigator, and the authors gratefully acknowledge his counsel. 
A preliminary report of this work has appeared (Federation Proc., 16, 566 (1956)). 

' The following abbreviations are used: pentose nucleic acid, PNA; deoxypentose 
nucleic acid, DNA. 
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creased at a slower rate in the deficient animals. The vitamin By,» defi- 
ciency had no effect on P® incorporation into phospholipide, but markedly 
decreased its incorporation in both PNA and DNA. Fasting had a simi- 
lar effect on nucleic acid synthesis, but also decreased P*® incorporation 
into phospholipide. 


EXPERIMENTAL 


The animals used were the new born offspring (usually less than 24 
hours of age and weighing approximately 5 gm.) of Wistar strain dams 
maintained for several months on a soy bean oil meal-glucose diet? (11) 
and controls that received a supplement of 30 y of vitamin By» per kilo. 
The criteria used to determine a state of deficiency in the new born rat 
were described previously (12). 

The isotope* was administered by dorsal subcutaneous injection with a 
1 inch, 27 gauge needle. The usual dose was 10 we. of P® given as the 
phosphate in a volume of about 0.1 ml. A few animals received 20 uc. 
The activity of the original dose as well as that of the fractions was deter- 
mined by use of a liquid dip counter, which was calibrated with a P® 
standard obtained from the National Bureau of Standards. All counts 
were corrected for geometry and decay, and the maximal counting error 
was less than 5 per cent. Phosphorus was determined by an adaptation 
of the method of Fiske and Subbarow (13). 

Unless otherwise noted, the animals were killed 12 hours after the isotope 
was administered. After decapitation, the tissues were removed, chilled 
on ice, blotted free from fluid, weighed (150 to 200 mg.), and homogenized 
with cold water. The homogenate was precipitated with cold trichloro- 
acetic acid and fractionated by the method of Schmidt and Thannhauser 
(14). After incubation in KOH, the chilled solution was acidified with 
HCl, treated with trichloroacetic acid, and the precipitate centrifuged. 
This residue was washed once with 2.5 per cent trichloroacetic acid and 
designated as the ‘“‘DNA fraction.”” To the combined supernatant solu- 
tion and washings were added 100 y of phosphorus as KH2PQOx,, and the 
inorganic phosphorus was precipitated (15). The carrier phosphate was 
added to aid in quantitative removal of inorganic phosphorus from the 
supernatant solution, which was then designated as the “PNA fraction.” 


2 Folic acid was supplied through the courtesy of Dr. T. H. Jukes, Lederle Labora- 
tories Division, American Cyanamid Company, Pearl River, New York; biotin 
through the courtesy of Dr. G. K. Parman, Hoffmann-La Roche, Inc., Nutley, New 
Jersey; and the other crystalline vitamins through the courtesy of Dr. L. Michaud, 
Merck and Company, Inc., Rahway, New Jersey. 

The inorganic phosphate containing P*? was obtained from the Oak Ridge Na- 
tional Laboratory on allocation from the Atomic Energy Commission. 


— 


B. L. O’DELL AND J. H. BRUEMMER 739 


Of the total counts recovered, less than 5 per cent appeared in the phos- 
phoprotein fraction, and this fraction will be neglected. 

The specific activity of all fractions was corrected for differences in 
dosage and body weight. As used here, specific activity is defined as 
counts per minute per microgram of phosphorus divided by the counts per 
minute administered per gm. of body weight. In order to minimize the 
effect of different dosage levels and to relate the fractions more directly 
to their precursor, the activities of the lipide-soluble DNA and PNA frac- 
tions are reported as relative specific activities. The relative specific ac- 
tivity of a fraction is defined as the specific activity of that fraction divided 
by the specific activity of the acid-soluble fraction at the time of death. 


Results 


The distribution of P*? among the fractions of liver and brain tissue from 
deficient and control animals is shown in Table I. Although the PNA 
and DNA fractions prepared by the Schmidt-Thannhauser method are 
not of high radiopurity (16), the method allows recovery of essentially all 
of the phosphorus, and the results should be valid for the comparison under 
study. The animals used for these analyses were killed 12 hours after 
injection of the isotope. This period, although not optimal for nucleic 
acid incorporation studies in liver, was a compromise to allow incorporation 
into the brain tissue to approach the maximum, which requires about 48 
hours in the mouse (17). The specific activity of the phosphorus in the 
acid-soluble fraction of both tissues from the deficient animals was higher 
than that in comparable tissue from controls. This is interpreted to mean 
that phosphorus is not utilized from the acid-soluble pool as rapidly in the 
deficient animals and that the phosphorus being incorporated into other 
compounds in the deficient animals at any given time is in equilibrium 
with a pool of higher specific activity than in the control animals. 

The results do not allow one to determine whether the defect lies in the 
failure to utilize inorganic phosphorus or to utilize some other form of 
acid-soluble phosphorus. However, preliminary data (18) indicate that 
at the time of death about 65 to 75 per cent of the activity in the acid- 
soluble fraction of the livers and brains of deficient animals was due to 
inorganic phosphorus. In the control animals about 50 to 60 per cent was 
due to inorganic phosphorus. In animals killed at intervals from 1 to 12 
hours after administration of P®, the specific activity of the inorganic 
portion was approximately 50 per cent higher than that of the total acid- 
soluble fraction of liver. Over the period studied there was a constant 
relationship between these specific activities, regardless of the tissue or 
treatment. Daoust et al. (19) also found that the specific activity of the 
inorganic phosphorus portion of the acid-soluble fraction of rat liver is 
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directly related to, and approximately the same as, the total fraction. It 
seems then that the specific activity of the phosphorus in the various frac- 
tions can logically be related to the acid-soluble fraction. 

The relative specific activity of the lipide-soluble fractions in both liver 
and brain tissue was unchanged by the vitamin Bye deficiency, but that of 
the nucleic acid fractions was decreased at least 20 per cent in both tissues, 
Thus, it appears that, while a vitamin By, deficiency in new born rats has 


TABLE I 
Vitamin By Deficiency and Distribution of P*? in Brain and Liver Tissue 


Twenty-six deficient and nineteen control animals about 6 hours of age received 
10 ue. of P® and were killed 12 hours later. 


Specifi aia Relative specific activityt 
Dietary supplement acid-soluble 


Lipide-soluble P DNA P PNA P 
Liver 
_—_ 768 + 6t (0.930 + 0.0260.344 + 0.0130.186 + 0.013 
Vitamin Bie 598 + 23 0.934 + 0.01910.437 + 0.0160.249 + 0.011 
P <0.018 P <0.05 P <0.01 
Brain 
ene 195+ 4 0.173 + 0.004 0.019 + 0 001'0.123 + 0.007 
Vitamin B,: 179 + 6 0.185 + 0.0050.028 + 0.0020.147 + 0.002 
P <0.02 P <0.01 P <0.01 


* Specific activity = counts per minute per microgram of P divided by counts 
per minute administered per gm. of body weight. 

t Relative specific activity equals specific activity of phosphorus in the fraction 
divided by the specific activity in the acid-soluble fraction. 

t Standard error of the mean. 

§ Statistical significance of the difference of the means. 


little or no direct effect on phospholipide synthesis, it does decrease the 
rate of synthesis of both DNA and PNA. 

Since the vitamin B;.-deficient offspring commonly had less milk in their 
stomachs than the controls, it was important to determine whether the 
differences observed were simply the result of fasting. The effect of fast- 
ing on P® incorporation in liver and brain is shown in Table II. In Trial 
I the animals were killed 12 hours, and in Trial II 24 hours, after adminis- 
tration of the isotope. In many respects the effect of fasting on P* incor- 
poration in liver tissue was analogous to that of the vitamin deficiency. 
The specific activity of the acid-soluble phosphorus was higher in the fasted 
animals than in the controls and the relative specific activities of the nu- 
cleic acid fractions were markedly lower. However, in contrast to the 
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vitamin By,2-deficient animals, 12 hours after treatment the relative specific 
activity of lipide-soluble phosphorus from the fasted animals was about 
one-third that of the controls. In the control animals killed after 24 hours, 
the relative specific activity of the lipide-soluble phosphorus in the con- 
trols was only slightly higher than those killed after 12 hours, whereas that 
in the fasted animals had doubled. This demonstrates that the rate of 
incorporation of phosphorus into phospholipide in the fasted animals was 


TABLE II 
Effect of Fasting on Distribution of P32 in Liver and Brain Tissue 
| Specific activity Relative specific activity 
Trial No. Conditions of acid-soluble ) 
Lipide-soluble P| DNA P | PNA P 
Liver 
If Fasted (4)f 913 + 84 | 0.32 + 0.02 | 0.15 + 0.005 0.07 + 0.003 
Control (3) 697 + 42 | 1.00 + 0.03 | 0.38 + 0.011, 0.30 + 0.045 
IT§ Fasted (4) 678 + 17 | 0.70 + 0.03 | 0.33 + 0.015 0.13 + 0.009 
Control (4) 460 + 8 1.10 + 0.03 | 0.58 + 0.030 0.43 + 0.012 
Brain 
It | Fasted (4)t | 187 4 14 (0.056 + 0.0030.008 + 0.0020.046 + 0.006 
Control (3) 178 + 7 (0.182 + 0.0110.016 + 0.0010.099 + 0.010 
IT§ Fasted (4) 2200 + 6 0.136 + 0.003'0.017 + 0.0010.091 + 0.003 
Control (4) 2454+ 7 #=0.316 + 0.009/0.042 + 0.002/0.231 + 0.007 


* See Table I, footnotes. 

t 10 uc. of P*? injected at 6 hours into animals, fasted 18 hours, and killed 12 hours 
after injection. 

t Number of animals analyzed. 

§ 20 uc. of P*? injected at birth into animals, fasted 24 hours and killed. 


decreased and shows a distinct difference between the fasted and vitamin 
B.-deficient animals. 

The effect of fasting on brain is analogous to that described for liver, 
except that fasting had no effect on the specific activity of the acid-soluble 
phosphorus. The tendency of fasting to decrease the relative specific ac- 
tivity of the lipide-soluble and DNA phosphorus was more marked in 
brain than in liver. 


DISCUSSION 


From the results of previous studies (1-8) it seems clear that a vitamin 
Bis deficiency results in a decreased concentration of PNA per gm. of tissue 
as well as per cell. The effect on the DNA concentration is not as clear, 
but it is doubtful that a deficiency affects the amount of DNA per nucleus 
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(7). Consequently, the concentration per gm. of tissue will depend chiefly 
upon the size of the cells, since the deficiency has little effect on the mois- 
ture content of the tissues (12). The number of cells and the concentration 
of DNA in the brain tissue of new born rats deficient in vitamin By,» are 
higher than normal (7). A similar effect on the number of cells per gm. 
of brain has been obtained by fasting new born animals for 24 hours (18), 

If the rate of incorporation of P* into a tissue constituent may be used 
as a measure of the metabolic activity or turnover of that constituent, the 
turnover of the DNA and PNA P of both liver and brain tissue was de- 
pressed by a vitamin By deficiency and by fasting. It might be assumed 
that the effect of the vitamin deficiency was simply a fasting effect either 
from lack of food or failure to utilize the food, except for the fact that the 
deficiency had no effect on phospholipide metabolism, whereas fasting had 
a marked effect. i 

The lower rate of DNA P turnover reflects a decreased rate of mitosis 
and it is difficult to distinguish cause and effect. The lower rate of PNA 
P turnover is associated with slower rate of cell growth and, in general, 
with smaller cells. This would account for the increased concentration of 
DNA per gm. of brain tissue (7). The liver cells of new born rats undergo 
mitosis and growth in the same manner as regenerating liver cells. It is 
interesting to note that 12 hours after injection of P*® into the normal 
new born animal the specific activity of the liver DNA P is higher than 
that of the PNA P. The decreased rate of nucleic acid synthesis indicated 
by this study is in agreement with the observations of decreased regenera- 
tion of liver after partial hepatectomy in vitamin By2-deficient rats (8). 
In relation to the rate of mitosis, it should be noted that the rate of P® 
incorporation into brain DNA is a small fraction of that in liver, indicating 
a relatively slow production of new brain cells. On the other hand, the 
incorporation of phosphorus into brain PNA proceeds at a more rapid rate, 
approximately one-half that in liver PNA. This might be interpreted to 
mean that at this stage of growth the brain cells are increasing in size with- 
out a large increase in number. It is also pointed out that at this age there 
is an appreciable incorporation of phosphorus into brain DNA, whereas in 
adult animals it is barely detectable (20). 

The present results indicate that a vitamin By2 deficiency did not affect 
the turnover rate of lipide phosphorus. Ling and Chow (10) found less 
phospholipide in the tissues of vitamin By2-deficient rats. Although it is 
difficult to reconcile these observations, it should be pointed out that there 
was considerable age difference in the animals studied. 


SUMMARY 


Radioactive phosphorus was administered to fasted new born rats and 
to the offspring of vitamin By2-deficient dams. The brains and livers were 
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fractionated and the specific activities of phosphorus in the various frac- 
tions Were compared to similar fractions from control animals. The acid- 
soluble phosphorus had a higher specific activity in both the deficient and 
the fasted animals. The relative specific activities of the lpide-soluble 
phosphorus, deoxypentose nucleic acid (DNA) P, and pentose nucleic acid 
(PNA) P, related to acid-soluble fraction, were markedly lower in the 
fasted animals. The vitamin By.-deficient tissues differed from those of 
the fasted animals chiefly in that there was no effect on the relative specific 
activity of the lipide-soluble phosphorus. In the vitamin By2-deficient rat 
the metabolic activity of both DNA and PNA was lower than normal. 

It was concluded that the lower relative specific activity of the DNA P 
in the vitamin By2-deficient rat is related to a decreased rate of mitosis. 
The lower relative specific activity of the PNA P indicates a lower rate of 
PNA synthesis in the vitamin By».-deficient animals and is associated with 
asmall brain cell. 
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THE METABOLISM OF p-GALACTOSE IN 
PSEUDOMONAS SACCHAROPHILA* 


By JOSEPH De ann MICHAEL DOUDOROFF | 
(From the Department of Bacteriology, University of California, Berkeley, California) 


(Received for publication, January 28, 1957) 


New and radically different mechanisms for the oxidation of glucose and 
L- and p-arabinoses have been found recently in Pseudomonas saccharo- 
phila (1-5). In the present studies, a new pathway for the oxidation of 
p-galactose by the same organism is described. The proposed scheme is 
entirely different from the galactokinase-galactowaldenase pathway which 
has been worked out by Trucco et al. (6) and Caputto et al. (7-9), and com- 
bines some features of the metabolic mechanisms used by P. saccharophila 
for the oxidation of glucose on the one hand and of L-arabinose on the 
other. A preliminary report has been published (4). 

Preliminary experiments showed that the ‘wild type strain” of P. sac- 
charophila could be readily adapted to grow with galactose as substrate 
and that the adapted cells could oxidize galactose but could not use either 
glucose or fructose. The adaptation requires only a short period of time 
and is inductive in nature. Neither mutation nor the selection of adapted 
clones, which are prerequisites to the growth of the same species in glucose 
or fructose media (10), is necessary. In the presence of 0.002 m arsenite, 
adapted cells oxidize galactose with the production of pyruvic acid. When 
the cells are poisoned with 0.002 m iodoacetate, both pyruvic acid and 
methylglyoxal appear in the medium. These observations suggested that, 
as in the case of glucose metabolism, pyruvic acid and triose phosphate 
might arise from the splitting of a 2-keto-3-deoxy-6-phosphohexonic acid. 
In the following experiments, the evidence for such a reaction is presented 
and a sequence of biochemical steps leading to the formation of a new 
postulated phosphorylated intermediate is described. 


Methods 


Cultures of P. saccharophila were grown in a liquid mineral medium con- 
taining 2.5 gm. of galactose, 1 gm. of NH,Cl, 0.5 gm. of MgSO,-7H:.O, 50 
mg. of ferric ammonium citrate, and 5 mg. of CaCl» per liter of 0.033 m 
KH2PO,-Na2HPO, buffer at pH 6.8. The cultures were incubated at 30° 
with continuous aeration on a rotary shaker. Cell-free extracts were 


* This work was supported in part by a grant from the National Science Founda- 
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prepared by grinding the paste of centrifuged and washed cells with levi- 
gated alumina, extraction with 4 volumes of 0.01 M phosphate buffer, pH 
6.8, and removal of the insoluble material by centrifugation (11). Crude 
preparations obtained in this manner could be stored for several weeks at 
— 20° without appreciable loss of enzymatic activity. 

p-Galactose was freed of glucose and purified according to the method 
of Palleroni et al. (12). Crystalline potassium p-galactonate was pre- 
pared from this purified galactose by hypoiodite oxidation (13). 6-Phos- 
phogalactonate was prepared by bromine oxidation from galactose 6-phos- 
phate by R. Weimberg. Reduced diphosphopyridine nucleotide (DPNH) 
oxidase from Azotobacter vinelandii was partially purified by sedimenting a 
crude extract at 100,000 X g for 2 hours.' Calcium p-glyceraldehyde 3- 
phosphate and crystalline triosephosphate dehydrogenase were kindly pro- 
vided by Dr. C. E. Ballou. 

Lactones were determined according to Hestrin (14). With this pro- 
cedure 1 umole of p-galactono-y-lactone gives a reading of 120 with No. 54 
filter in the Klett colorimeter; 1 umole of metasaccharin gives 100. Galac- 
tonic acid was determined by the same method after conversion of the acid 
to lactone by boiling for 5 minutes in N HCl. a-Keto acids were deter- 
mined with the o-phenylenediamine reaction (15) or as semicarbazones (2). 
Pyruvic acid was determined according to the method of Friedemann and 
Haugen (16), toluene being used for the extraction of the hydrazone. 
Formaldehyde was determined by the method of MacFadyen (17). b- 
Glyceraldehyde was determined enzymically by measuring the reduction 
of DPN in the Beckman spectrophotometer at 340 my in a system contain- 
ing 1 wmole of DPN, 40 uwmoles of sodium arsenate, 10 uwmoles of neutral- 
ized cysteine, and 0.05 ml. of a suspension of crystalline triosephosphate 
dehydrogenase in 3 ml. of 0.026 m pyrophosphate buffer, pH 8.4. The 
Warburg respirometer was used for measuring oxygen consumption and 
CO, production. Radial, ascending, and descending chromatograms on 
acid-washed Whatman No. | filter paper were used for the identification 
and purification of various compounds. Before application on paper, the 
solutions were usually treated with either Amberlite [R-120 or Dowex 50 in 
the H form. The following solvents were used: Solvent 1, n-propanol- 
distilled formic acid-water (6:3:1); Solvent 2, methanol-distilled formic 
acid-water (80:13:7); Solvent 3, methanol-ammonia-water (6:1:3). 

Alkaline silver nitrate spray (18) was used to detect substances capable 
of reducing silver. Brom thymol blue and semicarbazide (19) sprays were 
used for the detection of acids and keto compounds, respectively. The 
o-phenylenediamine spray (15) proved to be the most specific for the de- 
tection of the a-keto acids (20). 


1A.G. Marr, personal communication. 
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EXPERIMENTAL 


In preliminary manometric experiments, in which crude cell-free extracts 
were incubated aerobically with galactose, DPN, and DPNH oxidase in 
tris(hydroxymethy])aminomethane (Tris)-HC1 buffer, pH 8.0, 0.5 mole of 
oxygen was taken up per mole of substrate. In the absence of either DPN 
or DPNH oxidase, galactose was not oxidized. All attempts to demon- 
strate a galactokinase with adenosine triphosphate (ATP) were unsuccess- 
ful. These observations suggested that the sugar is first oxidized to ga- 
lactonic acid, possibly by way of a lactone. When galactonate and ATP 
were incubated with the enzyme, pyruvic acid was produced. If the re- 


TABLE I 
Formation of Pyruvate from Various Substrates 
The reaction mixtures contained 0.2 ml. of crude cell extract and 10 uwmoles of 
MgCl, in a final volume of 1 ml. of 0.05 m Tris-HCl buffer, pH 8.0, and were incu- 
bated for 1 hour at 30°. 10 umoles of each substrate and of ATP and 6 umoles of KF 
were added as indicated below. 


Additio Pyruvic acid formed 

pmoles 

0 


action was allowed to go to completion with an excess of ATP, 1 mole of 
pyruvate was formed per mole of galactonate initially added. The crude 
enzyme preparation also produced pyruvic acid from 6-phosphogalacto- 
nate and from 6-phosphogluconate. Neither of these compounds, how- 
ever, fulfilled the requirements for being intermediates in the metabolism 
of galactonate. In the first place, 6-phosphogalactonate was decomposed 
at a much lower rate than was galactonate in the presence of ATP. Fur- 
thermore, the decomposition of both phosphohexonic acids was strongly 
inhibited by fluoride, while pyruvate formation from galactonate and ATP 
Was practically unaffected (Table I). 

It was further observed that, if galactonate was preincubated with the 
enzyme before the addition of ATP, the subsequent rate of pyruvate for- 
mation was doubled. During such preincubation galactonate was found 
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to disappear and a keto acid other than pyruvic acid to appear in the re- 
action mixtures. 

These findings led to the conclusion that an initial oxidation of galactose 
to galactonic acid is followed by a conversion of galactonic acid to a keto 
acid which can subsequently be phosphorylated and decomposed to yield 
pyruvic acid. Studies on some of the reactions in this sequence are de- 
tailed in the following sections. 


Oxidation of p-Galactose 


With galactose as substrate, DPN was reduced by cell-free preparations 
in either phosphate, pH 7.0, or Tris buffer, pH 8.0. Triphosphopyridine 
nucleotide was reduced at approximately one-sixteenth the rate. -Arabi- 
nose was also oxidized by preparations of cells grown with p-galactose, but 
the relative rates of DPN reduction with the two substrates varied greatly 
in different batches of cell-free extract. No oxidation of glucose, gluco- 
nate, or galactonate could be detected with either DPN or triphospho- 
pyridine nucleotide as a hydrogen acceptor. 

In a manometric experiment in which 0.2 ml. of crude enzyme, 20 umoles 
of p-galactose, 2 umoles of DPN, and 0.1 ml. of DPNH oxidase were in- 
cubated in a total volume of 2 ml. of 0.05 Mm KH2PO-Na2HPO, buffer, pH 
6.8, 10.2 umoles of oxygen were taken up and no CO: was produced when 
the sugar had disappeared. 

The initial product of oxidation appears to be p-galactono-y-lactone. 
Under conditions similar to those described above, 11.9 uwmoles of galac- 
tose were oxidized in 35 minutes at 30° and 4.76 umoles of lactone were 
formed (calculated as galactono-y-lactone). After 90 minutes of incuba- 
tion, when 19.2 wmoles of galactose had disappeared, 5.16 umoles of 
lactone were found. When neutralized hydroxylamine was used as a trap- 
ping agent for the lactone, a greater fraction of the oxidation product ap- 
peared as hydroxamic acid, even though the rate of oxidation was greatly 
reduced. In a mixture like the one described, but containing 100 umoles 
of neutralized NH.OH, 14.6 umoles of galactose were oxidized in 170 
minutes and 8.83 uwmoles of hydroxamic acid were found. 

The identity of the biologically produced lactone with p-galactono-y- 
lactone was demonstrated by a comparison of the rates of both spontaneous 
and enzymatic hydrolysis of the two compounds, as will be shown in the 
following section. | 


Enzymatic Hydrolysis of Galactono-y-lactone 


When either chemically prepared galactono-y-lactone or the product of 
the enzymatic oxidation of galactose was incubated with crude enzyme 
preparations in Tris or bicarbonate buffers at pH 6.8, they were found to 
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disappear at a rate much greater than that of the spontaneous hydrolysis 
of these compounds. : 

When 80 umoles of authentic y-lactone were incubated at 25° with 0.8 
ml. of crude enzyme in 4 ml. of 0.1 m phosphate buffer at pH 6.8, about 60 
per cent of the lactone disappeared in 2 hours. Under similar conditions, 
but in the absence of enzyme or with boiled enzyme, less than 10 per cent 
was decomposed. That the product of enzymatic decomposition of the 
y-lactone is galactonic acid was evident from the observations that poorly 
buffered reaction mixtures rapidly became acidic and that a large fraction 
of the product could be lactonized again to galactono-y-lactone by heating 
with n HCl. In addition, the product of the reaction behaved identically 
with p-galactonic acid on chromatograms (Solvents 1, 2, and 3). 

The following experiment was devised to demonstrate the identity of 
galactono-y-lactone with the product of the enzymatic oxidation of galac- 
tose on the one hand and with the substrate for the delactonizing enzyme 
on the other. A reaction mixture containing 240 umoles of galactose, 1.2 
ml. of crude enzyme, 12 umoles of DPN, and 0.6 ml. of DPNH oxidase in 
a total volume of 12 ml. of 0.05 m phosphate buffer, pH 6.8, was incubated 
aerobically on a shaker for 90 minutes at 30°. The mixture was chilled 
and treated with Amberlite IR-120 in the H form. The proteins were 
quickly removed by centrifugation; the supernatant fluid was cautiously 
adjusted to pH 6.8 with NaOH and again clarified by centrifugation. 
Analysis showed that 223 umoles of galactose had disappeared and 58 
umoles of lactone were present. A control mixture was then prepared, 
containing enzyme, DPN, DPNH oxidase, and the expected products of 
the reaction (17 umoles of galactose, 166 umoles of potassium galactonate, 
and 58 wmoles of authentic galactono-y-lactone). This mixture was im- 
mediately deproteinized and neutralized. The rates of spontaneous hy- 
drolysis at pH 6.8 and 8 and of the enzymatic hydrolysis at pH 6.8 of the 
lactones were then compared in the two samples (Table II). 


Conversion of Galactonic Acid 


With crude preparations, the rate of the phosphorylative reaction in 
which pyruvate is produced from galactonate could be doubled by prein- 
cubating the enzyme with galactonate before the addition of ATP. In 
the presence of excess ATP, 1 mole of pyruvate was formed per mole of 
galactonate initially added. During the preincubation period, the disap- 
pearance of galactonate could be demonstrated by the progressive decrease 
in the intensity of the hydroxamic acid reaction when samples of the solu- 
tion were heated with nN HCl and treated with hydroxylamine. At the 
same time, the formation of an a-keto acid was evidenced by the appear- 
ance of a substance which reacted with o-phenylenediamine and could be 
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decarboxylated with ceric sulfate. This compound did not form an ex. 
tractable hydrazone when treated by the method of Friedemann and Hau- 
gen (16). On chromatograms with Solvent 1, the new compound has an 
Ry, value of 0.57. (Galactonic acid had an F, of 0.45 under the same con- 
ditions.) When sprayed with o-phenylenediamine-HCl and dried, it gives 
a yellow color with a greenish fluorescence in ultraviolet light. After heat- 
ing at approximately 95°, the color changes first to a yellow-green and then 
to red. After standing for several hours at room temperature, the color 
becomes violet. In these color reactions, the compound resembles 2-keto- 


TABLE II 


Spontaneous and Enzymatic Hydrolyses of Authentic and Enzymatically 
Prepared Galactonolactones 

The reaction mixtures contained 20 umoles of either lactone in a total volume of 
5 ml. of 0.05 M phosphate buffer at pH 6.8 or 8.0, respectively. For enzymatic hy- 
drolysis, 0.25 ml. of crude enzyme was included in the mixtures at pH 6.8 which were 
incubated at 30°. The average values of the hydrolysis constant (4) under the 
specified conditions were computed from determinations on several samples of each 
mixture taken after various periods of incubation. 


( 2.3 )( initial concentration of lactone ) 


t(in hrs.) concentration of remaining lactone 


k 


Authentic Enzymatically 
galactono-y-lactone prepared lactone 


Spontaneous hydrolysis, pH 8.0................ 0.29 0.27 
24 


Enzymatic hydrolysis, pH 6.8................... 0.28 0. 


3-deoxy-6-phosphogluconate (20). The amounts of keto acid produced 
were estimated with the o-phenylenediamine method (15), which was origi- 
nally standardized against values obtained from the decarboxylation with 
ceric sulfate. Later the method was standardized with the crystalline 
potassium salt of the keto acid. The extinction coefficient of the quinoxa- 
line derivative was found to be 5.58 & 106 cm.’ per mole at 330 my. At 
least 90 per cent of the galactonate could be converted to keto acid after 
prolonged incubation. The optimum pH for the reaction was found to 
be about 8.0, the rate falling off to about two thirds of the maximal at 
pH 7.0 and 9.0. With crude extracts, the addition of magnesium did not 
increase the rate of reaction. No requirement for phosphate could be 
demonstrated, since enzyme preparations dialyzed against bicarbonate 
were still active when tested in Tris or bicarbonate buffer. 
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Preparation and Characterization of Keto Acid 


1 gm. of potassium galactonate was dissolved in 40 ml. of solution con- 
taining 12.6 ml. of 0.1 m phosphate buffer, pH 7.6, and 8 ml. of crude en- 
zyme. The mixture was incubated at 30° for 12 hours, during which time 
approximately 91 per cent of the substrate was converted. The solution 
was acidified and deproteinized by passage through a column of Dowex 50 
in the H form and adjusted to pH 7.2 with a slurry of Ca(OH)2. Calcium 
phosphate was removed by centrifugation, the supernatant fluid was con- 
centrated in vacuo to 4 ml., and 20 ml. of methanol were added. A pre- 
cipitate (200 mg.), which formed overnight at 5°, was removed by centri- 
fugation. (This precipitate, which contained 163 mg. of the keto acid, 
much of the unchanged galactonate, and other impurities, was later purified 
by chromatography and crystallization of the potassium salt of the keto 
acid.) An equal volume of dry ether was added to the supernatant liquid 
and the mixture was left overnight at 5°. The precipitate which formed 
was centrifuged, washed with dry ether, and dried in vacuo. The yield 
was 550 mg. of the calcium salt (95 to 97 per cent purity as Ca(CsH Og) >). 
The calcium salt was redissolved; the solution was passed through a column 
of Dowex 50 in the H form, neutralized with KOH, and concentrated to 
2ml. in vacuo. A mixture of absolute ethanol and ether (1:1) was added 
until a faint turbidity appeared. Crystallization of the potassium salt 
occurred overnight at 5°. The crystals were collected by filtration, washed 
with ether, and dried in vacuo. The yield was 420 mg. The crystalline 
potassium salt still contained a trace of galactonate, which could be de- 
tected by paper chromatography. For some of the more critical analyses 
to be reported, the keto acid was further purified by chromatography with 
Solvent 1 and recrystallized several times as the potassium salt from solu- 
tions in 80 per cent methanol by the addition of ether. Attempts to crystal- 
lize the free acid or the calcium salt were unsuccessful. The sodium salt 
forms very small crystals. The potassium salt decomposes with charring 
at 159-163°. It does not lose weight when kept under a vacuum over P2O; 
for several days at room temperature or for 2 hours at 110°. Elementary 
analysis was as follows: C, 33.27 per cent; H, 4.28 per cent (theoretical 
for KCsHyO¢, C, 33.3 per cent; H, 4.17 per cent). 

Ceric sulfate decarboxylation yielded 1.04 umoles of CO, per umole of 
the compound, as determined manometrically (21). No COz was liberated 
with 4-aminoantipyrine, which decomposes 8-keto acids (22). The ultra- 
violet absorption spectrum of the salt is very similar to that of pyruvate, 
With a strong absorption below 290 my and a slight shoulder with a maxi- 
mum at 330 my (molecular extinction, 9.27 K 10* cm.” per mole at 330 my). 
The compound gives a faint purplish color after 24 hours when tested with 
the cysteine-carbazole reaction (23) and no color with diphenylamine (24) 
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or cysteine and sulfuric acid (25). It gives a very faint pink color with 
the resorcinol reagent of Roe (26) and with the tryptophan reagent of 
Cohen (27) after prolonged boiling. It reduces alkaline ferricyanide; 
according to the procedure of Schales and Schales (28) 1 wmole has a re- 
ducing power equivalent to 0.78 umole of glucose. 

The compound forms a derivative with o-phenylenediamine with an 
absorption maximum at 330 my typical of quinoxaline (molecular extinc- 
tion coefficient, 5.58 K 10° cm.? per mole at 330 my). The semicarbazone 
(2) also has an absorption spectrum characteristic of a-keto acid deriva- 
tives with a maximum at 250 my (molecular extinction coefficient, 1.01 X 
10’ cm.” per mole at 250 my). The highly purified compound can be 
lactonized to some extent by boiling for 5 minutes with n HCl. After 
this treatment, however, only a faint color is obtained in the reaction with 
hydroxylamine and ferric salts (14). (1.0 umole gives a hydroxamic acid 
reaction equivalent to 0.09 umole of galactono-y-lactone.) 

When 6 umoles of the compound were incubated with either 25 or 40 
umoles of periodate at pH 1.6 in a total volume of 5 ml. at 30°, 2.0 umoles 
of periodate were reduced per umole of substrate after 1 hour. More perio- 
date was subsequently reduced at a low rate (0.11 umole per hour). At 
higher pH values, much greater rates of periodate reduction were observed 
and more periodate was consumed. In all cases, 1.0 umole of formalde- 
hyde was produced per umole of substrate initially added. 

All of the above observations support the conclusion that the compound 
is a 2-keto-3-deoxyhexonic acid formed by the dehydration of galactonic 
acid in much the same manner that 2-keto-3-deoxy-6-phosphogluconic acid 
is produced from 6-phosphogluconic acid (2). The a-keto configuration 
is supported by the reactions with ceric sulfate, o-phenylenediamine, and 
semicarbazide. The occurrence of hydroxyl groups on the 3 terminal 
carbon atoms is shown by the reduction of 2 moles of periodate with the 
formation of formaldehyde. The stereochemical configuration about car- 
bon atoms 4 and 5 would be expected to be the same as that in galactose 
from which the compound is derived. This expectation was justified by 
the following experiments, in which the biologically active compound has 
been synthesized from metasaccharin. 


Chemical Synthesis of 2-Keto-3-deoxygalactonic and 
2-Keto-3-deoxygluconic Acids 


a-Hydroxy acids are known to be oxidized to the corresponding a-keto 
acids in acid medium with chlorate and vanadium pentoxide. Thus, 
gluconate, galactonate, and 6-phosphogluconate are converted to 2-keto- 
gluconate, 2-ketogalactonate, and 2-keto-6-phosphogluconate, respec- 
tively (29, 30). This method was used to oxidize metasaccharinic (3- 
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deoxygalactonic) and p-glucometasaccharinic (3-deoxygluconic) acids to 
the corresponding a-keto derivatives. Crystalline metasaccharin (3- 
deoxy-p-galactonolactone) was prepared by a slight modification of the 
method of Evans et al. (31). 1 mmole of metasaccharin was dissolved in 
hot water, neutralized with 5 n KOH while hot, and made up to 1 ml. 
volume. 41 mg. of KCIO;, 2.5 mg. of V2O5, and 0.015 ml. of phosphoric 
acid were added and the mixture was left at room temperature for 36 
hours. The volume was made up to 10 ml. with water and chlorate was 
eliminated by passing a stream of SO, through the mixture. The solution 
was next treated with Amberlite IR-120 in the H form, filtered, and aerated 
to remove excess SOs. The pH was carefully adjusted to 7.5 with a slurry 
of Ca(OH): and the solution was left overnight at 5°. Insoluble material 
was removed by centrifugation and the supernatant fluid was concentrated 
to 5 ml. in vacuo. The calcium salt was precipitated and converted to the 
potassium salt by the procedure which has been described for the crystalli- 
zation of the 2-keto-3-deoxyhexonic acid obtained enzymatically. The 
precipitate contained 263 uwmoles of the salt of the keto acid (computed as 
the potassium salt of 2-keto-3-deoxyhexonic acid) and 87 umoles of potas- 
sium metasaccharinate. The synthetic keto acid was indistinguishable 
from the enzymatic product on chromatograms developed with Solvents 
1, 2, and 3 and sprayed with the o-phenylenediamine reagent. Attempts 
to separate it from metasaccharinic acid by chromatography were not suc- 
cessful. 

The glucose analogue of the keto acid was next prepared from gluco- 
metasaccharin. A syrup of p-glucometasaccharin was prepared by the 
method of Sowden (32). This was treated with chlorate, V20;, and H3;PO, 
in the same manner as metasaccharin and the potassium salt of the keto 
acid was precipitated as before. When chromatographed with Solvent 1, 
the major product had the same R, value and gave the same color reac- 
tions and fluorescence with the o-phenylenediamine reagent as the keto 
acid obtained from metasaccharin. Another unidentified keto acid, with 
an Ry» of 0.76, was also present. The mixture was chromatographed and 
the glucose analogue of 2-keto-3-deoxygalactonic acid was eluted and con- 
verted to the potassium salt. The product was contaminated with gluco- 
metasaccharinic acid, but no effort was made to separate the two. The 
impure synthetic compounds were next subjected to enzymatic decomposi- 
tion in the presence of ATP. The product obtained from metasaccharin 
was cleaved, yielding 0.97 umole of pyruvate per umole of keto acid. The 
analogous product obtained from glucometasaccharin was inactive, but 
not inhibitory to the enzyme. Neither of the parent saccharinic acids was 
attacked by the enzyme. These observations support the contention that 
the keto acid produced enzymatically from galactonic acid is 2-keto-3- 
deoxygalactonic acid. 
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Decomposition of 2-Keto-3-deoxygalactonate 


1 umole of pyruvate is produced per umole of the crystalline keto acid 
when the latter is incubated with enzyme and an excess of ATP. Pyruvie 
acid was identified by its behavior in the Friedemann and Haugen reaction 
(specific toluene extraction) by paper chromatography (Solvent 1) and by 
the oxidation of DPNH in the presence of lactic dehydrogenase. Gluco- 
nate was not converted to keto acids in the presence or absence of ATP by 
enzyme preparations of galactose-grown cells. 

In preliminary experiments, evidence was obtained that the other prod- 
uct of cleavage is p-glyceraldehyde 3-phosphate, since DPN was reduced 
by the enzyme preparations in the presence of arsenate and cysteine, but 
not in the absence of these addition substances. However, as had been 
shown previously, triose phosphate is rapidly decomposed by crude prepa- 
rations (1). In the following experiment triose phosphate was trapped 
with hydrazine and estimated with triosephosphate dehydrogenase. 3 
umoles of potassium 2-keto-3-deoxygalactonate were incubated with 10 
umoles of MgSO,, 10 umoles of ATP, 15 uwmoles of neutralized hydrazine, 
and 0.3 ml. of crude enzyme in a total volume of 3 ml. of 0.02 m Tris 
buffer, pH 8.0, for 20 minutes at 30°. The reaction mixture was deprote- 
inized by treatment with Amberlite IR-120 in the H form and centrifuga- 
tion. The hydrazone was decomposed by shaking with four successive | 
ml. portions of benzaldehyde. Excess benzaldehyde was extracted with 
ether and the excess ether was removed by aeration. Pyruvate and triose 
phosphate were determined in different aliquots of the solution. A portion 
was treated with crystalline triosephosphate dehydrogenase in the presence 
of DPN, arsenate, and cysteine. From the reduction of DPN, it could be 
calculated that 0.251 umole of triose phosphate had been formed per 0.314 
umole of pyruvate. This represents an 80 per cent recovery of the theo- 
retical amount of triose phosphate necessary to give a 1:1 ratio. In a 
parallel experiment, in which authentic p-glyceraldehyde 3-phosphate was 
incubated with the same enzyme, the same procedure gave a recovery of 
78 per cent. 


DISCUSSION 


The sequence of the initial enzymatic steps involved in the oxidation of 
galactose by P. saccharophila is summarized in Fig. 1. Reaction 1 re- 
sembles the dehydrogenation of L-arabinose to L-arabono-y-lactone, which 
has been described for the same organism. While the same enzyme might 
catalyze both oxidations, there is good evidence that at least two different 
enzymes are produced when the cells are grown with the two substrates.’ 
Presumably, the furanose forms of the sugars are converted to the y-lac- 


2 Doudoroff, M., and Contopoulou, R., unpublished. 
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tones. The galactose dehydrogenase activity is inducible and is not pres- 
d ent in cells grown with sucrose or b-arabinose. As shown in Reaction 2, 
the y-lactone is rapidly hydrolyzed by an enzyme, which may be identical 


n with the delactonizing enzyme which hydrolyzes L-arabono-y-lactone. 
y Preliminary experiments have shown that this enzyme is also an in- 
4 ducible enzyme. In Reaction 3, galactonic acid is dehydrated to 2-keto- 
Vv / 
HOH =O é. COOH 
l- HCOH HCOH 
d O | 
| HOG (DPN) HOCH HOCH 
n | -2[(H] +H,0 
HCOH HCOH HCOH 
d CH,OH CH, OH CH,OH 
3 D-galacto- D-galactono- D-galactonic 
0 furanose S-lactone acid 
e, 
is 
COOH 
C=0 
C=O 
h CH, 
HOCH 
HCOH 
re CH,OH 
4 CH,OPO3H, 
2 -keto-3-deoxy- pyruvic acid + 
a D- galactonic D-glyceralde- 
AS acid hyde-3-phosphate 
of 


Fig. 1. Oxidation of p-galactose by P. saccharophila 


3-deoxygalactonic acid. The equilibrium is far to the right. This reac- 
of tion is analogous to the dehydration of 6-phosphogluconic acid and of 
p-arabonic acid by the same organism (2, 5). The three enzymes are dis- 
h tinct and the enzyme responsible for Reaction 3 will be designated galac- 


tonic dehydrase. This enzyme, unlike 6-phosphogluconic dehydrase, is 
ht 

nt | Bot strongly inhibited by fluoride and is not present in cells grown with 
.2 | sucrose, b-xylose, or D-arabinose. Reaction 4 consists probably of at least 
a. two steps. In the first. step, 2-keto-3-deoxy-6-phosphogalactonate is the 


most likely product of phosphorylation. The fact that 2-keto-3-deoxy- 
gluconic acid is not decomposed by the same preparations proves that no 
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Walden inversion at C, occurs before the phosphorylation. At present, 
it is impossible to decide whether or not the phosphorylated keto acid de. 
rivatives of gluconic and galactonic acids are interconvertible and whether 
only one or both of them can serve as a substrate for the ultimate aldolase 
reaction in which pyruvic acid and triose phosphate are produced. The 
purifications of the hypothetical 2-keto-3-deoxy-6-phosphogalactonic acid 
and of the aldolase system are prerequisites to the solution of this problem. 

It is interesting that 6-phosphogalactonate, which is not the normal 
intermediate, is slowly split by the crude enzyme preparations. Since 
this decomposition is inhibited by fluoride, it seems likely that the com- 
pound is either slowly converted to 6-phosphogluconate or dehydrated 
directly by 6-phosphogluconic dehydrase, rather than attacked by the 
galactonic dehydrase described in the present paper. 


SUMMARY 


The following reactions are carried out by cell-free extracts of Pseudo- 
monas saccharophila grown with galactose: (1) a diphosphopyridine nucleo- 
tide-linked oxidation of galactose to galactono-y-lactone; (2) the hydroly- 
sis of the lactone to galactonic acid; (3) the dehydration of galactonic acid 
to 2-keto-3-deoxygalactonic acid; (4) the reaction of the keto acid with 
adenosine triphosphate to yield pyruvic acid and p-glyceraldehyde 3- 
phosphate. 

2-Keto-3-deoxygalactonic acid has been prepared enzymatically and 
crystallized as the potassium salt. It has also been synthesized chemically 
from metasaccharin. The glucose analogue has been synthesized and 
found to be enzymatically inactive. 6-Phosphogalactonic acid is attacked 
at a low rate by crude enzyme preparations, but does not appear to be a 
normal intermediate in galactose metabolism. 
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AN UNIDENTIFIED IODINE COMPOUND FORMED BY 
INCUBATION OF CELL-FREE PREPARATIONS OF 
TISSUE WITH IODIDE-I'*!* 


By ALVIN TAUROG, W. TONG, anv I. L. CHAIKOFF 


(From the Department of Physiology of the University of California School 
of Medicine, Berkeley, California) 


(Received for publication, December 18, 1956) 


In a previous communication (1), we described the formation of a mono- 
iodotyrosine-containing protein by various subcellular fractions of thyroid 
tissue incubated in vitro with iodide-I'*'. The most active fraction was 
that containing the mitochondria and microsomes, and this fraction 
formed, in addition to I'*' protein, an unidentified I'*! component which 
moved with the solvent front during filter paper chromatography. This 
component is designated in our laboratory as Unknown 1. 

More recently, we encountered another unknown I *! component on 
our filter paper chromatograms, which, in some cases, comprises more 
than 75 per cent of the I'** added to the incubation medium. This com- 
ponent, which we refer to as Unknown 2, does not separate from iodide 
when collidine-water-ammonia is used as the chromatographing solvent, 
and it was therefore not observed in our earlier work in which this solvent 
was the only one employed. Unknown 2 was first observed when we 
began to use butanol-ethanol-NH,OH as a chromatographing solvent, in 
addition to collidine. The presence of the new component was then con- 
firmed in other solvent systems, as described below. By testing other 
animal tissues and their cellular fractions, we discovered that homogenates 
and extracts of rat submaxillary tissue are even more active than are thy- 
roid preparations in forming Unknown 2. Particulate fractions of mam- 
mary and spleen tissue are also quite active. 

In this communication, we describe the results of initial experiments 
designed to determine the nature of Unknown 2 and the factors which 
affect its formation. 


Methods 


Sheep thyroids were obtained at a local abattoir and transported to the 
laboratory in a Dewar flask packed with crushed ice. Other tissues were 
obtained from Long-Evans rats, raised and maintained on Purina labora- 
tory chow. 

Homogenization of Tissue—All tissues were homogenized in a specially 

* Aided by a grant from the United States Public Health Service. 
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constructed, stainless steel tissue press, designed to provide cellular dis. 
ruption with a minimum of damage to cell nuclei (2). Tissues were chilled 
in an ice bath and minced with scissors before being transferred to the 
tissue press. 7 gm. of tissue were homogenized with 35 ml. of Krebs. 
Ringer-bicarbonate buffer at pH 7.4. 

Isolation of Subcellular Fractions— Differential centrifugation was used 
to separate the tissue homogenates into the following: (1) a nuclear frae- 
tion, (2) a mitochondrial-microsomal fraction, and (3) a soluble fraction, 
The procedure employed was similar to that described previously (1). 
Most of the experiments were concerned with the mitochondrial-microso- 
mal fraction, referred to here as the ‘“‘particulate”’ fraction. 

The sedimented particulate and nuclear fractions were suspended in 
cold Krebs-Ringer-bicarbonate buffer at pH 7.4 prior to incubation with 
I'!| Approximately 1.7 ml. of buffer were added for each gm. of original 
tissue, and a uniform suspension was attained by dispersing the material 
in the buffer with the aid of a Teflon glass homogenizer. 

Incubation with I'*\—2 ml. portions of the whole homogenates or of the 
subcellular fractions were incubated in 10 ml. glass-stoppered Erlenmeyer 
flasks with I'*!-iodide (10 to 20 uc., purified by distillation). In some 
experiments, carrier iodide was added at a concentration of 10 or 25 y per 
cent. Inhibitors, when present, were added in 20 ul. of solution. The 
air in the reaction flasks was replaced with 95 per cent O2-5 per cent CO,, 
and the flasks were shaken in a constant temperature bath at 37° for 1 or 
2 hours.!. When anaerobic conditions were desired, the tissue homogen- 
ate and its subcellular fractions were suspended in Krebs-Ringer-bicar- 
bonate buffer which had been saturated with 95 per cent N»-5 per cent 
CO., and the air in the reaction flasks was replaced with the same gas 
mixture. 

As each incubation flask was removed from the constant temperature 
bath, it was cooled in an ice bath, and 20 ul. of 1 per cent thiouracil were 
added to stop iodination reactions. 20 yl. of the flask contents were then 
analyzed directly by filter paper chromatography. The presence of 4 
small concentration of thiouracil (8 & 10-4 M) in the mixture to be chro- 
matographed minimized the occurrence of chromatographic artifacts (1). 

Chromatographic Analysis—The filter paper chromatographic procedures 
have been described previously (1, 3, 4). All solvents used for chroma- 
tography were purified by distillation. Freshly prepared chromatograph- 
ing solvent was used for the preparation of all chromatograms. The I" 
in the various components was determined by cutting out the zones of 

1 When evanide was used as an inhibitor, it was added to the reaction flask after 


the air in the reaction vessels had been replaced with 95 per cent O.-5 per cent COs. 
This was done to avoid loss of cyanide (as HCN) during the gas flushing procedure, 
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activity on the chromatograms and counting them directly in a well type 
scintillation counter. The radioactivity in each component was then 
expressed as a percentage of the total I'*' on the chromatogram. This 
calculation neglected the small amount of radioactivity (<5 per cent of 
the total) which was present in the areas between those components visi- 
ble on the radioautographs. 

Experiments with Sheep Thyroid Tissue Slices and Rat and Mouse Thy- 
roids Labeled in Vivo—A few experiments were performed in which the 
chromatographic techniques described above were applied to (1) sheep 
thyroid tissue slices incubated in Krebs-Ringer-bicarbonate buffer con- 
taining I'*!-iodide, and (2) rat and mouse thyroids labeled in vitro with 

200 mg. of slices were incubated in 2 ml. of buffer for 1 to 2 hours. Af- 
ter the incubation, the slices were separated by filtration, rinsed briefly 
in non-radioactive Ringer’s solution, and homogenized with 1 ml. of bicar- 
bonate buffer containing approximately 0.001 mM thiouracil. 20 ul. of the 
homogenate were applied to filter paper strips for chromatographic analy- 
sis. 

Thyroids were removed from rats and mice that had been injected with 
I’! | to 7 hours previously. In some of the animals, organic ['*! formation 
was blocked by a single injection of propylthiouracil. The thyroid tissue 
was homogenized with bicarbonate buffer containing approximately 0.001 
M thiouracil, 0.5 ml. being used for the rat thyroids and 200 ul. for the 
pooled glands from two mice. 20 ul. of the homogenates were used for 
filter paper chromatography. The submaxillary glands in some of the 
mice were also homogenized with bicarbonate buffer and analyzed by 
filter paper chromatography. 


Results 


l'se of Different Chromatographing Solvents for Separation of Unknown 2— 
Fig. 1 shows a series of radioautographs of chromatograms prepared from 
a sheep thyroid particulate fraction that had been incubated for 2 hours 
with iodide-I"*' (no carrier added). A different chromatographing 
solvent was used for the preparation of each chromatogram. Fig. 1, 
a, shows the results obtained with the collidine-water-ammonia solvent. 
The distribution of I’! on the chromatogram agrees essentially with that 
reported previously (1); namely, (1) a band for I protein at the origin, 
(2) an unidentified band at the solvent front (Unknown 1), and (3) a band 
for iodide. 

Fig. 1, b to d, shows the results obtained with other chromatographing 
solvents. These include (1) butanol-ethanol-2 n NH,OH, 100:20:40, (2) 
butanol-ethanol-water, 100:20:40, and (3) propanol-0.15 Nn NH,OH8, 
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151 
I 


100:50. In all of these solvents, the , Which in the collidine-water- 


NH; chromatography system appears to be a single band for iodide, is 
split into two bands. These same two bands were observed when the 
iodide band of the collidine chromatogram was cut out and rechromato- 
graphed in butanol-ethanol-2 NH,sOH. Control experiments established 
that iodide alone gives only a single band in the solvents used for Fig. 1, 


a b 
Fic. 1. Radioautographs of chromatograms of a sheep thyroid particulate fraction 
that had been incubated for 2 hours with I'*!-iodide. A different chromatographing 
solvent was used in each case, as indicated. The numbers alongside the bands de- 
note the percentage of the total I'*! on the paper present in the different components. 
O, origin; J, iodide; U-1, Unknown 1; U’-2, Unknown 2; S. F., solvent front. 


b tod. There can be little doubt, therefore, that a previously unrecog- 
nized I’! component is formed during the incubation of the thyroid parti- 
culate fraction with I'*', and we have named this new component ‘“‘Un- 
known 2.” 

The quantitative distribution of I! on the chromatograms is indicated 
in Fig. 1 by the numbers which appear beside each band. There is fairly 
good quantitative agreement among the results obtained with different 
chromatographing solvents, not only for Unknown 2, but also for the other 
I! components on the chromatogram. 

The percentage of added I"! (carrier-free) converted to Unknown 2 
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by thyroid particulate fractions varied considerably from one experiment 
to another and appeared to be inversely related to the formation of ['*! 
protein. In some cases, Unknown 2 comprised more than 75 per cent of 
the total I'*' on the chromatogram, but it was usually less than 25 per 
cent. With a given sample of thyroid tissue, the formation of Unknown 
2? was quantitatively reproducible. 

Formation of Unknown 2 by Thyroid Nuclear and Soluble Fractions, by 
Thyroid Tissue Slices, and by Intact Thyroids— Whole thyroid homogenates 
displaved variable activity in forming Unknown 2 from added iodide. 
In some experiments, more than 25 per cent of the added I! was converted 
to Unknown 2 by sheep thyroid homogenates, but usually the conversion 
was much less. The nuclear fraction of thyroid tissue was relatively 
inactive, and the soluble fraction was completely inactive. All of the 
activity of the whole homogenate, therefore, could be accounted for by 
the particulate fraction. 

When sheep thyroid tissue slices were incubated zn vitro with iodide-I"', 
only a very small fraction of the added I'*! (less than 2 per cent) was con- 
verted to Unknown 2. Rat or mouse thyroids, labeled in v7tro with T*, 
did not contain any detectable Unknown 2. This was true both for propyl- 
thiouracil-blocked and -unblocked glands. Moreover, Unknown 2 could 
not be detected in mouse submaxillary tissue, in which, in some instances, 
the concentration of iodide-I'! was more than 20 times that of the plasma 
level. 

Formation of Unknown 2 in Non-Thyroid Tissues--Whole homogenates 
and subcellular fractions of several non-thyroid tissues were tested for 
their ability to form Unknown 2. These tissues, all obtained from adult 
rats, included submaxillary, lactating mammary, spleen, liver, and kidney. 
The results obtained with the particulate fractions are shown in Fig. 2. 
Rat submaxillary was the most active, and kidney the least active, of all 
the tissues tested. 

It is of particular interest that the soluble fraction of submaxillary was 
even more active than the particulate fraction in forming Unknown 2. 
The soluble fraction of all other tissues, including the thyroid, was com- 
pletely inactive. 

Formation of Unknown 2 As Function of Time—Time curves for the 
formation of Unknown 2 in thyroid and in salivary tissue are shown in 
hig. 3. Two separate curves are illustrated for thyroid particulate frac- 
tions. One curve was obtained with an extremely active preparation, 
the other with a moderately inactive preparation. 

Curves for both the particulate and the soluble fractions of submaxillary 
tissue are also shown in Fig. 3. The activity displayed by these fractions 
is typical of the results of several different experiments. 
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Fig. 2. Radioautographs of chromatograms of particulate cell fractions that had 
been incubated with carrier-free I'*!-iodide for 2 hours. The particulate fractions 
were derived from various rat tissues, as indicated. Solvent, butanol-ethanol-2 x 
NH,OH. See Fig. 1, legend, for an explanation of numbers and symbols. 
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Fig. 3. Time curves showing formation of Unknown 2 by subcellular fractions of 
tissue incubated with ['!. No iodide carrier was added to the thyroid particulate 
fractions, but 25 y per cent of iodide were added to the salivary fractions. The two 
thyroid preparations were derived from different groups of sheep and illustrate ex- 
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Effect of Inhibitors on Formation of Unknown 2—The results in Table I 
demonstrate that the formation of Unknown 2 is readily inhibited by the 
same agents which interfere with organic iodine formation in thyroid tissue 
sices (5, 6). Thiouracil, thiocyanate, thiosulfate, and cyanide were all 
markedly inhibitory, and anaerobic conditions, too, had a definite inhibi- 


tory effect. Since all of these agents are known to interfere with the 
TABLE | 
Effect of Inhibitors on Formation of Unknown 2 
lodide Formation Control 
Tissue preparation bation Treatment added to 2 
of control formation 
hrs. per 100 ml. p 
Thyroid particulate 1 Nz atmosphere 0 24 14.7 
2 10 27 14.6 
2 10-3 m thiouracil 10 2 14.6 
2 10-3 m_ thiocya- 10 4 14.6 
nate 
me 2 10-* m thiosulfate 10 3 14.6 
2 10- cyanide 10 5 14.6 
“ oo 2 Heated at 100° for 10 5 14.6 
1.5 min. 
Salivary A 2 10-* m thiouracil 0 0 72.8 
- - 2 Heated at 100° for 25 0.3 34.6 
1 min. 
soluble 1 atmosphere 0 13 76.4 
” on 2 Heated at 100° for 25 0.2 81.4 
1 min. 
Lactating mammary 2 N2 atmosphere 0 87 53.1 
particulate 
“cc 1 500 38 9.0 
2 10-3 m thiouracil 0 0 53.1 
as ” 2 Heated at 100° for 0 0 54.7 
5 min. 


oxidation of iodide, it appears reasonable to conclude that oxidation of 
iodide is a necessary preliminary step in the formation of Unknown 2. 

Tissue preparations which were heated at 100° for 1 to 2 minutes com- 
pletely lost their ability to form Unknown 2 (Table I). This indicates 
that tissue enzymes are most likely involved in the formation of this un- 
known compound. 

Elution of Unknown 2 from Filter Paper Chromatograms—Samples of 
[!_Llabeled Unknown 2 were obtained by cutting out the zones of the 
chromatogram corresponding to this compound and eluting it from the 
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paper. Elution with isotonic NaHCO; was quantitative and yielded , 
solution which, when rechromatographed, showed that the compound had 
not been essentially altered. However, inorganic iodide, amounting to 
10 to 20 per cent of the total I'*!, was usually present in the eluates. The 
presence of iodide in the eluates suggested that Unknown 2 is quite labile. 
Other elution solvents were tried, but none proved more satisfactory than 
NaHCO. 

Experiments with Eluates of Unknown 2—Since only minute quantities of 
Unknown 2 were available, it was necessary to depend entirely upon 
chromatography to determine the effect of various agents on this com- 
pound. Eluates of the compound were treated in various ways and then 
rechromatographed to determine the effect of the treatment. An u- 
treated sample of the eluate was always chromatographed for comparison. 

It appeared that Unknown 2 might simply be an oxidized form of inor- 
ganic iodine, and the first experiments consisted of attempts to reduce the 
compound to iodide with various reducing agents. As shown in Table II, 
reducing agents such as thiosulfate, sulfite, arsenite, and thiouracil had 
very little effect on Unknown 2, even after incubation for 2 hours at 37° 
in bicarbonate solution. 

The effects of acid and alkali were tried next, and it was observed that 
Unknown 2 is extremely labile in acid, even at pH 5. As shown in Table 
II, treatment at pH 5 for only a few minutes resulted in almost complete 
destruction of the compound. _I'*!-iodide was the only radioactive product 
formed.?, Treatment with strong alkali (approximately 0.3 Nn NaQOH), 
on the other hand, had no effect on Unknown 2. 

The effect of pH on Unknown 2 is illustrated in Fig. 4. The data were 
obtained by diluting samples of Unknown 2 eluate with buffers (10 vol- 
umes) of different pH. Each diluted sample was incubated for 1 hour 
at 37° and then rechromatographed, after the addition of alkali. The 
amount of Unknown 2 remaining was compared with that present in the 
untreated eluate. It is apparent from Fig. 4 that Unknown 2 is relatively 
stable above pH 7, but that below pH 5 its I’! is readily converted to 
inorganic iodide. 

When eluates of Unknown 2 were heated at 100° for an hour, approxi- 
mately 50 per cent of the I'*! was converted to inorganic iodide (Table IJ). 
The compound is, therefore, fairly heat-labile. 

Inorganic iodide in high concentration (12.5 mg. per cent) was added 
to an eluate of Unknown 2 to determine whether there was any exchange 


2 It should be pointed out that elemental iodine (I,'*!) would also have appeared 
as iodide on our filter paper chromatograms, since the solvent used does not separate 
iodide from iodine. However, the presence of I.'*! appears to be excluded by the 
extraction results described below. 
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TaBLeE II 


Treatment of Unknown 2 with Various Agents 


167 


Per cent of initial 


Tissue source of eluate Treatment nown 2 
remaining 
Thyroid particulate 5 X 10-3 a thiouracil, 37°, 2 hrs. 94 
5 X 10-3 thiosulfate, 37°, 2 hrs. 96 
5 X 10-3 “ sulfite, 37°, 2 hrs. 93 
" “ 12.5 mg. % iodide, 37°, 2 hrs. 100 
pH 5.3, 37°, 10 min. 2 
‘6 ‘6 1.6, 20°, 10 2 
0.3 Nn NaOH, 37°, 2 hrs. 100 
Heated 100° for 1 hr. 37 
Salivary vs 5 X 10-3 o thiouracil, 37°, 2 hrs. 94 
5 X thiosulfate, 37°, 2 hrs. 92 
sia = 5 X 10-3 “ arsenite, 37°, 2 hrs. 98 
” 12.5 mg. % iodide, 37°, 2 hrs. 68 
- pH 4.4, 20°, 2 min. 5 
1.6, 20°, 9 5 
0.3 Nn NaOH, 37°, 2 hrs. 99 
” sas Heated 100° for 1 hr. 43 
i we Pancreatin (10 mg. per ml.), 37°, 24 92 
hrs. 
1.5 % H2O2, 37°, 1.5 hrs. 32 


Eluates of Unknown 2 from paper chromatograms were treated with various 
agents in bicarbonate solution and then rechromatographed. 


; 


PER CENT UNKNOWN 2 REMAINING 


496 50 54 58 62 66 70 74 78 82 86 


pH 


Fic. 4. Effect of pH on eluate of Unknown 2. Portions of the eluate were diluted 
with 10 volumes of buffer, incubated for 1 hour at 37°, alkalized, and then rechro- 
matographed to determine what fraction of the original Unknown 2 remained. 
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between iodide and the I'* in the unknown compound. The concentra- 
tion of stable iodine in the unknown, although not determined, was proba- 
bly much less than 0.1 per cent of that of the added iodide, thus favoring 
the conversion of I'*! to iodide by exchange. As shown in Table II, the 
results were variable. In one experiment, no exchange occurred, but, in 
another, there was a small degree of exchange. In no case, however, was 
any large degree of exchange observed. 

The addition of pancreatin (10 mg. per ml.) to an eluate of Unknown 2 
had very little effect (Table II). However, pancreatin did have a pro- 
nounced effect when added to a tissue preparation containing Unknown 2. 
Most of the I'*! present as Unknown 2 in an incubated thyroid particulate 
fraction was converted to inorganic I'*' after incubation of the sample 
with pancreatin. The deiodinating action of pancreatin under the latter 
conditions was not further investigated. 

Treatment of an Unknown 2 eluate with 1.5 per cent hydrogen peroxide 
(in bicarbonate solution) converted an appreciable part of the I'*! (20 per 
cent) to iodate. The latter appeared as a band immediately above the 
origin (R,y 0.05 in butanol-ethanol-2 n NH,OH). There was also a heavy 
band for I'*!-iodide on the chromatogram. Only 32 per cent of the origi- 
nal Unknown 2 remained after 1.5 hours of incubation at 37° (Table II). 

Extractability of Unknown 2—Eluates of Unknown 2, both in bicarbonate 
solution and in acid solution, were shaken with equal volumes of chloro- 
form or carbon tetrachloride. Distribution ratios were determined by 
counting the I'*! in the aqueous and organic phases. The I?*! in Unknown 
2 was not extracted by these solvents, even from acid solution. This 
finding appears to exclude the possibility that the I’ in Unknown 2 is 
present in the form of elemental iodine (7.e. an Iz complex). 

Distribution tests were also made with butanol as the organic solvent. 
In this case, the distribution ratio was 5:1 in favor of the aqueous phase. 
I'3!-;odide under the same conditions (NaHCO; solution) gave a distribu- 
tion ratio of 9:1 in favor of the aqueous phase. 


DISCUSSION 


The unidentified I'*! component (Unknown 2) described in this com- 
munication is not an artifact of chromatography. It has been detected 
with many different chromatographing solvents, both neutra] and am- 
moniacal. The neutral solvents included butanol-ethanol-water, butanol- 
dioxane-water, butanol-water, and propanol-water. The ammoniacal 
solvents included  butanol-ethanol-NH,OH, butanol-dioxane-NH,OH, 
propanol-N H,OH, and butanol-pyridine-water in an ammonia atmosphere. 
Unknown 2 has also been detected by paper electrophoresis (Fig. 5). 

We have assumed that the same unidentified I’! component is formed 
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by the particulate fraction of all the different tissues studied here because 
this component has nearly the same Ry value (in butanol-ethanol-2 N 
NH,OH) no matter what its source. Furthermore, in the case of thyroid 
and salivary tissue, the behavior of eluates of the unknown compound 
toward various agents is essentially the same. 

The following evidence indicates that the formation of Unknown 2 by 
homogenates and subcellular fractions of tissue depends on tissue enzymes: 
(1) Otherwise active tissue preparations, exposed to a temperature of 100° 


THYROID 
PARTICULATE 
FRACTION 


ORIGIN U-2 
SUBMAXILLARY 


SOLUBLE 
FRACTION 


Paper EtecrropHoresis PATTERN 


Fic. 5. Radioautograph of paper electrophoretigram showing distribution of I 
in thyroid particulate and submaxillary soluble fractions incubated for 90 minutes 
with [31 -jodide. Unknown 1 and ['*! -protein remained at the origin. Conditions 
of electrophoresis: Whatman No. 1 filter paper; 0.05 Mm Veronal buffer, pH 8.6; 495 v.; 
5 ma.; 60 minutes duration. 


for | minute, were completely inactive. (2) No Unknown 2 appeared in 
tissue preparations to which I'*' was added immediately after, instead of 
before, incubation. 

Tissue enzymes concerned with oxidation appear to be involved in the 
formation of Unknown 2. This is indicated by the nature of the agents 
and conditions which inhibit the formation of this compound. Anaerobic 
conditions and the presence of 10-* m cyanide were inhibitory. Also, the 
reaction is inhibited by those agents which are known to interfere with 
the oxidation of iodide by intact thyroid tissue, e.g. thiouracil and thio- 
sulfate. The oxidative step involved in the formation of Unknown 2 
is most likely required for the oxidation of iodide, since otherwise it is 
necessary to conclude that some other compound is oxidized and is then 
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able to bind inorganic iodide in some manner. The latter possibility 
appears to be excluded by the finding (Table II) that the I'* in Unknown 
2 does not exchange with a large excess of inorganic iodide. 

Although the identity of Unknown 2 remains to be determined, the 
following statements regarding its chemical nature appear to be justified 
at this time: (1) It is not simply an oxidized form of inorganic iodine, 7.¢. 
I., hypoiodite, or iodate. Elemental iodine (I,) and hypoiodite are con- 
verted to inorganic iodide by treatment with thiouracil or thiosulfate 
in bicarbonate solution, whereas Unknown 2 is unaffected under these 
conditions (Table II). Moreover, the values (in butanol-ethanol-2 
NH,OH) of hypoiodite*® (0) and iodate (0.05) do not agree with that of 
Unknown 2 (0.5 to 0.6). (2) The fact that Unknown 2 is so readily con- 
verted to inorganic iodide by weak acid (pH 5) almost certainly rules out 
the possibility that it contains a C—I bond. The finding that it is so labile 
in acid, yet stable in alkali, would also seem to rule out a sulfeny!] iodide. 
Compounds of the latter type, recently proposed by Fraenkel-Conrat 
as possible intermediates in the iodination of protein (7), would be expected 
to be even more unstable in alkali than in acid. (3) Unknown 2 does not 
appear to be a complex involving elemental iodine, since its I'*! is not 
extractable with chloroform, even after acidification. 

Zingaro et al. (8) studied the reaction between elemental iodine (I2) and 
the heterocyclic amines, pyridine and quinoline. They postulated that a re- 
action of the following type may occur: Pyridine + I, — Pyridine I+ + I. 
The complex, Pyridine I* (Py I*), supposedly contains unipositive iodine 
(I+) attached to the ring nitrogen. This group of investigators also de- 
scribed a series of compounds (9) in which unipositive iodine is apparently 
stabilized by coordination with pyridine or quinoline, compounds of the 
type PyI*+X. and Qul*X. Such compounds might be expected to be par- 
ticularly unstable in acid because of the competition between hydrogen 
ions and I* for the free pair of electrons on the nitrogen. The striking 
acid instability of Unknown 2 leads us to suggest that it, too, may contain 
unipositive iodine attached to the nitrogen of one of the various organic 
bases known to be present in tissue. However, it is evident from Fig. 5 


3A solution containing I'*!-hypoiodite was prepared as follows: I'*!-iodide was 
oxidized with iodate in acid solution, and the I,'*! which was produced was extracted 
into chloroform. The chloroform solution was washed with water and then shaken 
with 0.15 m NaHCO;. The NaHCO, extract, which contained about two thirds of 
the original I'*', presumably contained part of its I'*! as hypoiodite, according to the 
reaction: I, + HoO HI + HIO. Chromatography of the NaHCO; extract revealed 
bands for iodide and iodate and, in addition, a band at the origin. The latter was 
not present if the NaHCO, solution was first treated with thiouracil, and it was 
assumed to be due to hypoiodite. The iodate most likely arose from hypoiodite via 
the reaction 310 —+ TO; + 27. 
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that at pH 8.6 Unknown 2 behaves as an anion, moving in the same direc- 
tion as iodide. If indeed, therefore, Unknown 2 contains positively charged 
iodine attached to nitrogen, then this must be counteracted by acidic 
groups in the rest of the molecule to make it behave as an anion. 

The biological significance of Unknown 2, if any, remains to be deter- 
mined. It does not appear to be involved in the normal iodine metabo- 
lism of the thyroid, since it is not observed in the thyroids of rats or mice 
injected with I'*!. Its formation in the thyroid particulate fraction appears 
to be inversely related to the formation of I'*! protein, thus suggesting a 
competitive reaction rather than an intermediate step in the iodination of 
tyrosine. It is not involved in the iodide trap since it is not observed in 
propy!thiouracil-blocked rat or mouse thyroids, or in mouse salivary glands, 
all of which actively concentrate inorganic iodide. 


The assistance of Dr. G. D. Potter in the early phases of this work is 
gratefully acknowledged. 


SUMMARY 


1. Whole homogenates and subcellular fractions of thyroid, submaxil- 
lary, mammary, spleen, liver, and kidney tissue were incubated with ['*! 
iodide. The nature of the I'*! compounds formed during the incubation 
was investigated by filter paper chromatography. 

2. The particulate fraction (mitochondria and microsomes) of all tissues, 
except kidney, converted an appreciable part of the added I'*! to an un- 
known I'*!-containing compound, designated here Unknown 2. 

3. The soluble fraction of salivary tissue was the most active prepara- 
tion tested, converting as much as 90 per cent of the added I'*! to Unknown 
2in 1 hour. The soluble fraction of all other tissues was inactive. 

4. The formation of Unknown 2 depends upon tissue enzymes. The 
reaction is markedly inhibited by anaerobic conditions, as well as by 
thiouracil and thiosulfate, indicating that oxidative enzymes are involved. 

5. Very dilute samples of Unknown 2 were obtained by eluting the 
appropriate sections of filter paper chromatograms with sodium bicar- 
bonate solution. Tests carried out on such eluates revealed that Unknown 
2 is rapidly destroyed in acid solution, even at pH 5.0. In alkaline solu- 
tion, however, it is stable. Results of other chemical tests are also re- 
ported. 

6. The chemical findings are discussed with reference to possible struc- 
tures for Unknown 2. 
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In an earlier report (1), we described the preparation, from sheep thy- 
roid glands, of a particulate fraction consisting primarily of mitochondria 
and microsomes, which, when incubated with carrier-free radioactive 
iodide, converted as much as 30 per cent of the added I'*! to labeled iodo- 
protein. This thyroid particulate fraction differed from the cell-free 
thyroid preparations used by other workers (2, 3) in the following respects: 
(1) it was active in the absence of added tyrosine and oxidizing agents; 
and (2) the major product formed was iodoprotein, not free iodotyrosine. 

In experiments in which the iodine metabolism of the particulate frac- 
tion was compared with that of thyroid slices, it was observed that the 
particulate preparation had a much lower capacity to utilize added carrier 
iodide; moreover, iodination by the particulate fraction led to the for- 
mation of an iodinated protein containing I'*' almost exclusively in the 
form of monoiodotyrosine, whereas the iodinated protein formed by the 
slice contained almost as much I'*!-diiodotyrosine as I'*!-monoiodotyrosine. 
The present report deals with our attempts to enhance the iodinating 
activity of the thyroid particulate fraction. It was found that the capacity 
of the particulate system to convert added iodide to iodoprotein could 
be greatly increased by adding flavin cofactors or by increasing the pH 
of the incubation medium, but in both instances the newly formed iodo- 
protein still contained I'*' almost exclusively in the form of monoiodoty- 
rosine, 

EXPERIMENTAL 

Preparation of Particulate Iodinating System—Fresh sheep thyroid 
glands were obtained at a local abattoir. Considerable variation was 
noted in the sizes of the glands, but those selected for study ranged from 
1.3 to 1.8 gm. per lobe. During the 2 to 3 hours required for transporting 
them to the laboratory and preparing them for incubation, the glands 
were kept ice-cold either in crushed ice or in ice-cold buffer solution. The 
glands were freed of extraneous tissue, minced with scissors, and then 


* Aided by a grant from the United States Public Health Service. 
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homogenized in a stainless steel homogenizer devised in this laboratory 
(4). 7 gm. of minced tissue were homogenized with 35 ml. of the ice-cold, 
calcium-free buffer, pH 7.4, described below. This homogenate was 
centrifuged for 10 minutes at 500 X g and at 0°. The resulting superna- 
tant liquid was removed and centrifuged at 70,000 to 100,000 * g ina 
Spinco model L centrifuge for 30 minutes. The sedimented pellet of partic- 
ulate material was dispersed in 12 ml. of buffer with the aid of a Teflon 
glass homogenizer. 

Buffer Solutions—The buffer solution used in the homogenization of 
the thyroid glands and the incubation of the isolated particulate material 
was a Krebs-Ringer-bicarbonate buffer in which the 0.11 Mm CaCl, solution 
was replaced by an equal volume of 0.9 per cent NaCl. This modification 
prevented the precipitation of insoluble calcium salts in the experiments 
carried out under alkaline conditions. For the experiments in which the 
effect of varying pH was studied, the tissue was first homogenized in a 
buffer of pH 7.4, and the particulate material thus isolated was then sus- 
pended and incubated in a buffer at the desired pH. 

The buffer solutions were gassed with pure O, or with a mixture of 95 
per cent O. and 5 per cent CO».. For anaerobic experiments, the buffer 
was gassed with either N2 or a mixture of 95 per cent Ne and 5 per cent 
CO:. The use of the gas mixtures containing CO, had no consistent in- 
fluence on the activities of the tissue preparations, provided the proper 
pH adjustments were made before the buffers were used. 

Incubation Procedures—2 ml. portions of the suspensions of particulate 
material were placed in 10 ml. glass-stoppered Erlenmeyer flasks. 5 ul. 
of solution containing 2 y of carrier iodide were added to give a concen- 
tration of 100 y per cent. Then 5 to 25 we. of radioiodide, purified by 
distillation (1), were added in 5 to 10 wl. of solution. Substrates, inhibi- 
tors, and coenzymes! were added in 5 to 20 ul. of solution. The flasks 
were kept in an ice bath until the incubation mixtures were assembled; 
they were then placed in a Dubnoff metabolic incubator shaker at 37° 
and agitated gently for 2 hours. At the end of the incubation period, 20 ul. 
of 1 per cent thiouracil solution were added to each flask to stop the reac- 
tion. Portions of the flask contents were then analyzed directly by paper 
chromatography, both before and after hydrolysis with enzymes. The 
enzymatic digestion procedure has been described elsewhere (1). 

Chromatographic Analysis—The paper chromatographic procedures 
used here were essentially the same as those described elsewhere (5). 
Chromatograms of the incubated reaction mixtures were developed mostly 


' The following abbreviations are used: DPN for diphosphopyridine nucleotide, 
ATP for adenosine triphosphate, FAD for flavin adenine dinucleotide, FMN for 
flavin mononucleotide. 
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atory in the butanol-ethanol-2 ~ NH,OH solvent mixture of Taurog et al. (6). 
cold, Such chromatograms prepared from thyroid particulate material incubated 
was with I'*' generally showed the presence of four major iodine-containing 
ema- components (Fig. 1). The unidentified components U-1 and U-2 are 
in a discussed in the accompanying report (7). The I'*!-containing material 
irtic- at the origin of the chromatograms is iodinated protein, which may or may 
eflon not be related to the characteristic thyroglobulin of the thyroid. 
1.8 0.7! 
ceria] ‘1.20 12.3 
ition 
ition 
ents 
| the 
j Ae) 
sus- 
f 95 
iffer 
rent 
16.4 comme 20.8 57-7 que 92-9 63.4 
66.7 7.4 8.7 9-9 
-en- Fig. 1. Effect of pH on ['*! utilization by the sheep thyroid particulate fraction. 
b Radioautographs of chromatograms (butanol-ethanol-2 xn NH,OH) prepared from 
dé y particulate preparations incubated for 2 hours in the presence of 100 y per cent la- 
ibi- beled iodide. The numbers on the right of each radioautograph show the percent- 
isks ages of the total I'*! on the chromatogram present in the various components. O, 
led; origin; J, inorganic iodide; U’-2, unidentified component 2; L’-1, unidentified compo- 
270 nent 1; SF, solvent front. 
ong The distribution of radioactivity among the labeled components of a 
per chromatogram was determined by cutting up the chromatograms and 


rhe assaying the various sections for I'*! by means of a well type scintillation 
detector. The results are reported below as percentages of the total I 
found on each chromatogram. 


res 
Results 

de Influence of pH of Incubation Medium on Todide Utilization—The radio- 
rte autographs of Fig. 1 show the effect of varying pH on I['*! utilization by 


the sheep thyroid particulate system incubated with 100 y per cent of 
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added iodide carrier. With ascending pH, increasing amounts of ['*! 
were incorporated into protein. The maximal incorporation cccurred 
at approximately pH 10. 

Supplementation of Particulate lodinating System—In attempts to 
augment the utilization of radioiodide by the particulate system at physi- 
ological pH, the effects of the addition of various coenzymes and substrates 
were investigated. Because previous studies (1) had indicated a require- 
ment for aerobic conditions, the coenzymes and substrates chosen to sup- 
plement the particulate fraction were those known to function in respira- 
tory metabolism. The results presented in Table I show that the addition 
of cytochrome c, ATP, or the Krebs cycle intermediates, citrate and 
succinate, did not influence significantly the utilization of radioiodide. 


TABLE I 
Supplementation of Sheep Thyroid Particulate Preparation 
2 hour incubations at pH 7.4 in the presence of 100 7 per cent labeled iodide. 


Per cent of total I'*) recovered as 
Material added 

Protein | lodide U-2 U-1 
5 X “ eytochrome + 10°? M succinate...| 9.5 39.5 9.1 
&§ xX 10°* + 10°? “ citrate..... 8.9 46.0 38.0 7.0 


peared just below U-1. 


DPN, on the other hand, did seem to bring about increased radioiodide 
utilization; however, instead of forming labeled protein, the I'*! was in- 
corporated into a new component that appeared below U-1 on chromato- 
grams. The identity of this component has not yet been established. 

Activation by Flavin Coenzymes—It was observed that, at pH 7 to 8, 
the utilization of radioiodide by the particulate system was markedly 
augmented by the addition of FMN. Some of the results are presented 
in Table II. Although there was considerable variation in control values 
for I utilization, when the results of each experiment are examined on 
the basis of the control values for that experiment, it can be seen that 
even 5 & 10-5 Mm FMN had definite stimulatory effects on utilization of 
radioiodide and formation of protein-bound I'*!, Similar results were 
obtained when the FMN was replaced with either FAD or riboflavin. 
The curve of Fig. 2 shows the effects of increasing concentrations of FMN 
on the formation of labeled iodoprotein. 


* This value includes the I'*' present in another unidentified component that ap- 
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TaBLe II 
“( Flavin Activation of I'*! Utilization by Sheep Thyroid Particulate Preparation 
2 hour incubations in the presence of 100 y per cent labeled iodide. 
Per cent of total I'*' recovered as 
Protein Iodide U-2 U-1 
. None 7.4 52.8 31.0 8.7 
1 7.4 2X 10°*m FAD 16.2 21.2 36.8 25.7 
” 2x 10-4 “ FAD* 0.9 | 99.1 0 0 
nN 5 X 10-4 ‘* FMN 22.8 16.5 40.5 20.2 
d None 5.0 45.4 44.0 5.4 
» 2 7.4 5 X 10°*m FMN 16.4 16.4 55.4 11.9 
15.3 15.3 56.4 12.9 
5 X 10-4 “ riboflavin 14.9 17.5 54.4 13.1 
None 12.8 78.1 2.2 6.8 
3 8.0 5 X 107-5 um FMN 59.9 10.5 10.7 18.7 
0.6 98.2 1.1 0.1 
None 20.8 17.0 49.7 12.3 
4 8.0 5 X 10°°> mM FMN 42.5 9.0 32.8 15.7 
wee. CL 1.1 | 94.9 3.7 0.4 
5 X 10-5 “* riboflavin 35.0 9.8 36.7 18.3 


* The particulate preparation was immersed in a boiling water bath for 1.5 min- 
utes, then radioiodide and flavin were added for the incubation. 


of Added 1!31 


L 


-log (FMN) 
Fig. 2. Influence of varying concentrations of added FMN on the formation of 
protein-bound I['*! by the thyroid particulate preparation incubated at pH 8.8 for 2 
hours in the presence of 100 y per cent labeled iodide. 


\'S'-lodoprotein Formed as Per Cent 


| Although it seemed unlikely that the flavin compounds could effect a 
: direct oxidation of iodide, the following experiments were conducted to 
determine whether the iodine utilization by the FMN-supplemented 
particulate system was enzymatic in nature: (1) Samples of the particulate 
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preparations were adjusted to pH levels of 7.4, 8.5, 9.0, and 10, immersed 
in boiling water for 1.5 minutes, and then incubated with 100 y per cent 
of labeled iodide and 5 X 10-°> mM FMN. (2) Samples of the ‘soluble 
fraction” from sheep thyroid tissue (75,000 X g supernatant extract), 
containing most of the tissue protein, were incubated with added I'*! and 
5 X 10-5>m FMN. (3) 50 mg. portions of a material obtained by dialyz- 
ing and then lyophilizing the soluble fraction of thyroid tissue were dis- 
solved in 2 ml. portions of buffer at various pH levels and incubated with 
100 y per cent of labeled iodide and 5 K 10-5 mM FMN. In no case was 
a significant utilization of radioiodide observed. Hence it was concluded 
that the FMN-stimulated formation of organic I'*' requires a heat-labile, 
and presumably enzymatic, factor that is present (or active) only in the 
particulate fraction. 

Effects of Various Metabolic Inhibitors—Table III shows the utilization 
of radioiodide by thyroid particulate preparations, both in the presence 
and in the absence of FMN when incubated with a number of chemical 
agents known to have inhibitory effects on various metabolic functions. 
Not unexpectedly, those chemicals with definite reducing properties, 
namely thiouracil and cyanide, both had strongly depressing effects on 
iodide utilization. We have reported previously that these agents also 
inhibit iodination by a non-enzymatic system consisting of tyrosine, radio- 
iodide, and HO, (8). Thiocyanate, although not a good reducing agent, 
also inhibited iodination by both the thyroid particulate and non-enzymatic 
systems. Perchlorate, which is regarded as having a rather specific in- 
hibitory action on the iodide-concentrating mechanisms of the thyroid 
gland, had no effect on the particulate iodinating system. 

Of the “aminobenzene” type of antithyroid drugs, sulfanilamide had 
only a slight effect, while both p-aminobenzoate and sulfathiazole were 
strongly inhibitory. N-Succinylsulfathiazole, however, was only slightly 
inhibitory. The latter finding is in agreement with the observation of 
Taurog et al. (9) that substitution on the amino groups of sulfanilamide 
and p-aminobenzoate resulted in considerably depressed antithyroid 
potency in these drugs. It is of interest that chromatograms of the prepa- 
rations incubated with the succinylsulfathiazole revealed the formation 
of a new and as yet unidentified iodinated component that appeared in a 
position immediately below that of the unused iodide. This component 
accounted for only 5 to 8 per cent of the added ['*', 

Malonate and monofluoroacetate are believed to block utilization of 
certain intermediates of the tricarboxylic acid cycle (10), while antimycin 
A appears to interfere with the electron transport system at some point 
between the flavins and the cytochromes (11). None of these agents had 
a pronounced influence on iodide utilization by the particulate iodinating 
system. 
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Effect of Catalase—Since it seemed possible that the mechanism of iodide 
oxidation by a flavin system might involve HeOs, the effect of added cata- 
lase enzyme* on radioiodide metabolism by the sheep thyroid particulate 
preparations Was investigated. The results presented in Table IV indicate 
little, if any, depression of iodide utilization. Indeed, in one experiment 


TABLE III 


Effects of Various Antithyroid Agents and Metabolic Inhibitors on Radioiodide 
Metabolism of Sheep Thyroid Particulate Preparation 


2 hour incubations at pH 8.0 in the presence of 100 y per cent labeled iodide. 


| 
Per cent of total I'' recovered as 


Material added 


Protein lodide U-2 U-1 
1.6 98.7 0 0 
10-3 p-aminobenzoate ........................ 89.0 3.7 
| 26.2 51.2 16.4 6.1 
76.4 8.5 3.0 
10-? succinylsulfathiazole.................... 60.9 8.3 5.2 
10-3 ** 25.3 52.1 16.0 6.6 
26.0 45.1 18.0 10.9 
2.2 97.8 0 0 
1.6 98.4 0 0 
5X10 5** ** p-aminobenzoate....... 7.9 82.8 7.2 2.0 
§xX10°§‘** 10-3 * sulfanilamide.......... 42.0 23.4 25.9 8.7 
5xX10°§‘** sulfathiazole...........| 14.6 70.9 11.1 3.1 
5X 10°75 * 10°73 ** suceinylsulfathiazole... 31.0 29.2 24.2 7.2 
| 0.8 99.2 0 0 
10°% ** monofluoroacetate..... 52.1 13.6 19.9 14.4 
“ antiovein A........... 41.8 15.6 26.8 15.8 


the addition of catalase with FMN at pH 7.5 seemed to enhance the 
utilization of iodide, resulting in the formation mainly of additional 
amounts of the unidentified product, U-2. In contrast to this, catalase 
at concentrations of 0.1 mg. per ml. completely inhibited radioiodide 
utilization by a cell-free extract of the marine alga, Nereocystis, and by a 
non-enzymatic iodination system consisting of 10~* mM 10-* M tyrosine, 
and I'*! jodide (8). 


? Crystalline catalase, General Biochemicals, Inc. 
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TaBLE IV 


Effect of Catalase on Radioiodide Metabolism of 
Sheep Thyroid Particulate Preparation 


2 hour incubations in the presence of 100 y per cent labeled iodide. 


Per cent of total I'*! recovered as 
Experiment pH of Concentration Catalase 
No. incubation of FMN added gen 
Protein lodide U-2 U-1 
mg. 

1 8.0 None None 13.7 77.6 2.8 5.9 
on 0.1 10.6 82.8 2.2 4.7 

> 0.2 8.6 85.5 1.8 4.2 

” 0.5 5.9 88.7 1.5 3.0 

10-4 mM None 53.7 11.9 19.3 15.0 

0.1 56.7 12.5 17.0 14.1 

10-4 ** 0.2 54.6 12.4 18.9 13.9 

10-4 ** 0.5 49.8 12.1 25.0 13.0 

2 7.5 None None 7.9 68.6 15.3 8.2 
" 0.1 6.4 73.1 13.7 6.9 

- 0.2 5.1 78.9 10.5 5.4 

” 0.5 3.6 84.7 7.5 4.0 

5X 10-4 None 20.2 24.2 38.8 16.9 

5 X 10-4 ** 0.1 19.3 18.6 46.9 15.2 

5 10-4 0.2 15.8 15.2 55.8 13.0 

5 X 0.5 11.6 14.8 64.0 9.7 

TABLE V 


Effect of Anaerobic Conditions on Utilization of 
Radioiodide by Thyroid Particulate System 


2 hour incubations. 


Experi- pH of Carrier Per cent of total I'** recovered as 
ment Atmosphere incu- iodide FMN added 
ne. | Protein | Iodide U-2 U-1 
y per cent 
1 Aerobic 7.8 None | None 13.7 18.6 52.4 15.3 
100 7.4 52.8 31.0 8.7 
100 5 X 10-*m) 22.8 16.5 40.5 20.2 
Anaerobic) 7.8 None | None 5.3 69.8 18.7 6.2 
100 - 1.6 92.8 4.0 1.5 
100 5 X 10°*m| 30.9 15.9 22.8 30.3 
2 Aerobic 7.9 100 None 13.7 77.6 2.76 5.85 
100 10-4 m 53.8 9.23 | 23.4 13.5 
Anaerobic, 7.9 100 None 5.89 | 89.4 1.1 3.4 
100 10-4 m 62.8 8.58 | 11.5 17.0 
3 Aerobic 8.7 100 None 26.8 53.7 14.3 5.22 
100 10-5 m 46.5 18.1 27.2 8.17 
100 10-4 * 65.7 9.65 | 14.1 10.4 
Anaerobic) 8.8 100 None 22.3 65.5 8.40 3.72 
100 10-5 m 46.5 33.6 12.7 7.13 
100 10-4 ** 78.4 6.22 6.68 8.72 
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Aerobic versus Anaerobic Incubation—It was reported previously (1) 
that the utilization of radioiodide by the thyroid particulate system was 
depressed by the exclusion of oxygen. This finding was confirmed in 
the present investigation, as shown by the data of Table V. However, 
it was found that the addition of FMN could reverse the inhibitory action 
of the anaerobic conditions. With greater concentrations of KMN, the 
requirement for oxygen appeared to diminish; hence the difference between 
aerobic and anaerobic samples became quite small. 


DISCUSSION 


The formation of I'*' protein by the isolated thyroid particulate system 
can be visualized as occurring in two steps: (1) oxidation of iodide to the 
I° or I* states and (2) iodination of the tyrosine residues in the protein. 
These reactions were not studied separately in the experiments reported 
here; only the net result of both reactions was observed. Nevertheless, 
since flavin enzymes are known to function primarily in oxidative processes, 
we have assumed that the activating action of the added flavin coenzymes 
occurs primarily at Step 1. Three mechanisms may be suggested for 
this action: (1) direct oxidation of iodide by the added flavin, (2) activa- 
tion of a flavin enzyme that oxidizes iodide, or (3) activation of a flavin 
enzyme that produces HO, which then oxidizes iodide. Of these three 
mechanisms, the first is ruled out by the results with boiled preparations 
(Table II), the second seems unlikely because of the relatively inadequate 
oxidation-reduction potential of the flavin enzymes, and the third is not 
supported by our experiments on the effects of catalase and anaerobic 
conditions on the flavin-stimulated system. In the interpretation of these 
data, however, it must be borne in mind that iodide utilization by the 
thyroid gland, as well as by the particulate fraction used here, operates 
at extremely low levels. For example, Astwood estimates that a 25 gm. 
human thyroid normally oxidizes only 10~* mole of iodide per day (12), 
and the actual quantity of iodide utilized by 2 ml. of the thyroid particu- 
late system after 2 hours of incubation is less than 0.02 umole. It is, there- 
fore, conceivable that, with such minute amounts of the substrate, iodide, 
relatively limited oxidizing systems could perform adequately. Thus, 
although anaerobic conditions and catalase might be expected to depress 
H.O, production by a flavin enzyme, sufficient HO. could remain to oxi- 
dize 0.02 umole of iodide, particularly if a peroxidase type enzyme were 
also present. Such a competition between peroxidase and catalase was 
suggested by Keston (13) to explain the failure of catalase to inhibit iodi- 
nation by the xanthine oxidase of milk. 

Cyanide is regarded primarily as an inactivator of metalloenzymes, 
such as cytochromes and peroxidases, while thiocyanate is known for its 
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inhibitory action on iodide-concentrating mechanisms. However, since 
both have been found to inhibit iodination by the non-enzymatic (8) as 
well as by the thyroid particulate system, it is possible that these com- 
pounds have some direct chemical influence on the availability of oxidized 
iodine. It is conceivable, for example, that both cyanide and thiocyanate 
are capable of blocking the formation of oxidized iodine either by reducing 
it as it is formed or by reducing the oxidizing agent (e.g. H2O2) responsible 
for its formation. Furthermore, both cyanide and thiocyanate are known 
to form stable compounds or complexes with iodine (14, 15). Although 
it is best known for its inhibitory action on iodide concentration, thio- 
cyanate has been reported to interfere with the formation of organic iodine 
by sheep thyroid slices zn vitro (16), and by a milk xanthine oxidase sys- 
tem (17). The present findings are in agreement with these earlier obser- 
vations. The fact that perchlorate has no apparent effect on the utiliza- 
tion of iodide by the particulate system is a further indication that the 
thiocyanate in this system does not act on an iodide-concentrating mecha- 
nism. 

The increased iodide utilization and iodoprotein formation that occur 
with increasing pH suggest that increased dissociation of the tyrosyl 
phenolic groups is involved, since it is known that the iodination of tyro- 
sine proceeds more readily when the phenolic group is ionized (18). An- 
other possibility is that, with increasing pH, the formation of some active 
form of iodine, such as IO-, I*, or IOH,* (18), may be promoted. On the 
other hand, it is also possible that the pH optimum of the iodide-oxidizing 
enzyme itself may lie in the alkaline region. 

As reported earlier (1), the I'*! protein formed by the particulate system 
contained I'*! mostly in the form of monoiodotyrosine, as revealed by 
filter paper chromatographic analysis of the enzymatic hydrolysate. 
Radioactivity in the diiodotyrosine fraction of the hydrolysate usually 
amounted to only about one-tenth that of the monoiodotyrosine fraction. 
This is in contrast to results obtained with thyroid tissue slices, which 
usually formed approximately one-half as much I'* diiodotyrosine as 
monoiodotyrosine. Predominance of monoiodination has been reported 
in other homogenate systems (3, 19, 20) as well as in incubated slices of 
cattle thyroids that had been aged at low temperature (21). At first it 
appeared that the reduced diiodotyrosine formation arose primarily be- 
cause the iodide-concentrating mechanism had been greatly impaired, 
thus leading to a reduced concentration of iodide available for iodination 
of tyrosine residues. However, we found that thyroid tissue slices incu- 
bated in the presence of 10-* m perchlorate (which completely blocks the 
iodide trap) formed I'*! protein, which, on hydrolysis, yielded mono- and 
diiodotyrosine in the same proportions as unblocked slices. Moreover, 
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ce the thyroids of completely hypophysectomized rats, which concentrated 


as iodide only to about 2 to 3 times the level of plasma, also formed I'*!-di- 
n- jodotyrosine very readily (22). These findings suggest that perhaps a 
a special mechanism, not active in tissue homogenates or aged tissue, is 
te required for the conversion of monoiodo- to diiodotyrosine. 
ig Cupric ion was an indispensable component of the homogenate system 
le of Weiss (2), and it has played an important role in the homogenate sys- 
n tems employed by Fawcett and Kirkwood (3). However, the role of cop- 
rh per in the function of the thyroid under physiological conditions has not 
0- been clearly defined. The significance of flavin activation in the physi- 
1e ological process of thyroid hormone formation likewise cannot be clearly 
s- established at this time. The demonstration by Keston (13), and sub- 
r- sequently by others (17, 23, 24), that xanthine oxidase may catalyze the 
i- formation of iodinated protein, suggested the possibility that flavin- 
e containing oxidases might be involved in biological iodination processes. 
\- Xanthine oxidase itself, however, has been reported to be absent from the 
thyroid tissue of a number of mammalian species (25-27). In the light of 
ir the present findings with regard to flavin activation of the particulate 
| iodinating system, it becomes of interest to reconsider the possible involve- 
)- ment of the yellow enzymes in thyroid iodine metabolism. 
| SUMMARY 
1. Addition of flavin cofactors markedly stimulated the iodinating 
y system present in mitochondrial-microsomal fractions isolated from sheep 


thyroid glands. Conversion of added carrier iodide to iodoprotein by 
such particulate fractions was markedly increased by the presence of 107° 
M flavin mononucleotide. Evidence was obtained showing that the stim- 
’ ulatory action of the flavin was enzymatic in nature. 
y 2. The pH optimum for iodide utilization by both the flavin-supple- 
mented and the unsupplemented particulate fraction was between 9 and 10. 
3. The stimulating action of flavin on the iodinating system of the thy- 
roid particulate fraction was inhibited by thiouracil, thiocyanate, cyanide, 
and certain aromatic goitrogens, but not by perchlorate, malonate, mono- 
fluoroacetate, antimycin A, or catalase. 
4. The possibility of the physiological participation of flavin in thyroid 
iodine metabolism is discussed. 
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When administered to rats, various drugs of widely different chemical 
structures, for example barbiturates, Chloretone, and paraldehyde, mark- 
edly increase the urinary excretion of L-ascorbic acid (1). A previous 
turnover rate study showed that this increase results from an acceleration 
in the rate of synthesis of L-ascorbic acid (2), but there is no understand- 
ing of the mechanism by which drugs exert this effect. Tracer studies 
in rats, indicating that the lactone of p-glucuronic acid is an intermediate 
in the biosynthesis of L-ascorbic acid from p-glucose, suggest that the ini- 
tial effect of the drugs may be on the synthesis of p-glucuronic acid (3, 4). 
Since many drugs are known to be detoxified in the body by being ex- 
creted in urine as conjugates with p-glucuronic acid, the possibility has 
been pointed out previously that the increased excretion of L-ascorbic 
acid in response to drugs may also represent a detoxification mechanism 
(1). 

One of the drugs which produces a marked increase in the excretion 
of L-ascorbic acid is barbital (1). Unlike most drugs, it is not metabolized 
in vivo, but after administration to man and dog it can be recovered un- 
changed in urine (5-7). This observation is of considerable interest since 
it offers the possibility of separating the effect of drugs on L-ascorbic acid 
and p-glucuronic acid synthesis from their detoxification in the body either 
by metabolic transformation or by conjugation. For this reason the pres- 
ent investigation was carried out to determine the effect of barbital on 
L-ascorbic acid and p-glucuronic acid excretion in rats, dogs, and guinea 
pigs. In addition, the incorporation of p-glucose-1-C™ into urinary pD- 
glucuronic acid and L-ascorbie acid was compared in normal and barbital- 
treated rats. The results show that barbital, despite the fact that it is 
not metabolized, produces in rats and dogs a marked increase in the uri- 
nary excretion of p-glucuronic acid and L-ascorbic acid. In guinea pigs, 
only an increase in excretion of p-glucuronic acid is observed since this 
species is unable to synthesize L-ascorbic acid. 
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EXPERIMENTAL 


Radioactive Material and Procedures—v-Glucose-1-C™ with a specific 
activity of 1.0 we. per mg. was obtained from the National Bureau of Stand- 
ards, Washington, D. C. The method for collection and preparation of 
samples and their assay for C'* were the same as those used previously (8). 
The barium salt of the p-bromophenylosazone of p-glucuronic acid was 
counted as a disk on filter paper, the appropriate correction being made 
for self-absorption. 

Experimental Animals—Male albino rats of the Wistar strain were 
maintained on a basal diet of evaporated milk and water for at least 7 
days before each experiment. The diet of the hypophysectomized' and 
adrenalectomized rats was supplemented with saline. Male guinea pigs 
were kept on Rockland Farm guinea pig diet and water during the experi- 
ments. Female mongrel dogs were employed and were given a stock diet 
(Big Red Kibbled dog cakes?) and water. 

Analytical Methods—t.-Ascorbic acid was determined by titration with 
indophenol dye (9), and p-glucuronic acid was estimated by the naph- 
thoresorcinol method (10). 

Barbital was determined in urine of rats and guinea pigs by a modifi- 
cation of a spectrophotometric method previously described (11). In 
brief, the method consisted of adjusting the urine to pH 5.0, followed by 
its extraction with ethyl ether. The organic phase was shaken with Norit, 
which served to remove the major fraction of urine blank material but 
negligible amounts of barbital. The drug was then extracted from ethyl] 
ether into 0.5 N NaOH, in which solution its absorption at 255 my was 
measured in the Beckman spectrophotometer. The technique of com- 
parative distribution ratios permitted the assay of the specificity of the 
method for barbital in urine (12). The partition ratios of the substance 
extracted from urine were identical with those of authentic barbital in a 
series of two-phase systems consisting of ethyl ether and various aqueous 
buffers. Similar values for barbital in urine were obtained by modifica- 
tion of a procedure used for determination of pentobarbital, except that 
ethylene dichloride was used as the solvent and the drug was measured 
in the ultraviolet region at 255 my in 0.5 Nn NaOH (13). 

Isolation Procedures—-The 24 hour urine samples, preserved either with 
0.5 ml. of toluene or 5 ml. of 10 per cent oxalic acid, were diluted to 100 
ml. with water. L-Ascorbic acid was isolated after addition of 300 mg. 
carrier to a 30 ml. aliquot of urine by a specific ion exchange procedure 
used previously (8). pb-Glucuronic acid was isolated as the lactone as 


1 Hypophysectomized rats were purchased from the Hormone Assay Laboratories, 
Inc., Chicago, Illinois. 
2G. L. F. Exchange Company, Canandaigua, New York. 
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follows: 300 mg. of carrier p-glucuronic acid were added to a 30 ml. ali- 
quot of the urine sample and the solution was passed through an Amber- 


lite IR-4B anion exchange column in the acetate form (8). The adsorbed 
of p-glucuronic acid was eluted with 2 N formic acid and the eluate was evap- 
3). orated rapidly to dryness in vacuo at 50°. The p-glucuronic acid was 
as converted to its lactone by crystallization from glacial acetic acid. The 
de resulting p-glucuronolactone was dissolved in H,O and passed again 

through the Amberlite IR-4B column. The effluent containing the p- 
re glucuronolactone was evaporated rapidly to dryness in vacuo at 50°. 


p-Glucuronolactone was recrystallized three times from glacial acetic 
id acid. Radioactive purity was established when upon recrystallization 
no change was found in specific activity. In addition, two derivatives, 


4 the barium salt of the p-bromophenylosazone and potassium acid sac- 
ot charate (14), prepared from the same sample of p-glucuronolactone, had 
identical molar specific activities. 

Results 

Fate of Barbital in Rats and Guinea Pigs—The excretion of barbital was 
1- measured after its intraperitoneal administration to two rats and two 
n guinea pigs in doses of 46 to 50 mg., respectively (Table I). It will be 
y noted that essentially all of the administered drug is recovered in the urine 
t, during a 3 to 4 day period, an average of 98 per cent for both species. 
it These results are in agreement with those obtained in man and dog, which 
‘| show that barbital is not metabolized (5-7). 
Ss Effect of Barbital on t-Ascorbic Acid and p-Glucuronic Acid Excretion— 


- The effect of different dosages of barbital on the urinary excretion of L- 
e ascorbic acid and p-glucuronic acid was measured (Table II). It will be 
e noted that barbital produces a significant effect on L-ascorbic acid and 
a p-glucuronic acid excretion in doses of as little as 10 mg. daily. 

S The effect of barbital in intraperitoneal doses of 150 mg. daily on uri- 
- nary excretion of p-glucuronic acid was measured in four guinea pigs 
t (Table III). Like the rat, a significant increase in p-glucuronic acid was 
l observed. The guinea pig, however, differs from the rat in being unable 
to convert p-glucuronolactone to L-ascorbic acid (4). 

The effect of barbital on the daily urinary excretion of L-ascorbic acid 
and p-glucuronic acid was measured in two dogs after they received daily 
50 mg. per kilo of barbital by stomach tube for 5 days. The average 
, daily excretion of L-ascorbic acid and p-glucuronic acid before administra- 
} tion of the drug was 47 and 373 mg., respectively. In the case of one dog, 
the daily excretion of L-ascorbic acid and p-glucuronic acid increased to 
218 and 717 mg., respectively, after drug administration. For the second 
dog the daily excretion of L-ascorbic acid and p-glucuronic acid increased 
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to 161 and 725 mg., respectively. In addition, similar studies were car- 
ried out in two other dogs which received daily 100 mg. per kilo of Chlore- 
tone by stomach tube for 5 days. The daily urinary excretion of L-ascorbic 


TABLE 
Urinary Excretion of Barbital by Rats and Guinea Pigs* 


Amount of barbital in urine 
Collection period 

Rat A Rat B 
days még. mg. 
0-1 27.1 35.0 
1-2 11.3 7.7 
2-3 3.5 2.3 
3-4 0.7 0.4 

Guinea pig C Guinea pig D 

1-2 39.0 42.0 
2-3 15.0 4.3 


* The rats and guinea pigs received 46 and 50 mg., respectively, of sodium bar- 
bital by intraperitoneal injection. All the values are expressed in terms of sodium 
salt. 


TABLE II 


Daily Urinary Excretion of p-Glucuronic and L-Ascorbic Acids after 
Administration of Barbital to Rats* 


Dose of barbitalt No. of rats p-Glucuronic acid t-Ascorbic acid 
mg. per day mg. per day mg. per day 
0.0 30 16 + 2.6f 0.82 + 0.50f 
10 6 28 + 2.0 6.3 + 0.90 
50 6 37 + 4.8 17 + 3.4 
150 4 63 + 5.5 23 + 3.2 


* The average value for urinary excretion of each compound after the rats had 
received the indicated dosage for 4 days. Urine samples were preserved by collec- 
tion in 5 ml. of 10 per cent oxalic acid. 

+t Barbital was given as sodium salt dissolved in an evaporated milk diet. The 
rats weighed from 275 to 325 gm. 

t Average deviation. 


acid increased from an average control value of 68 mg. before adminis- 
tration of the drug to a maximal value for one dog of 287 mg. and for the 
other, 576 mg. 

Effect of Glucuronide-Producing Drugs on Lt-Ascorbic Acid Excretion— 


ie 
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Additional studies were carried out in rats to determine whether com- 
pounds such as borneol, a-naphthol, and phenolphthalein, which are 
excreted chiefly as glucuronides (15), increase the excretion of L-ascorbic 
acid. ‘These drugs have essentially no effect on L-ascorbic acid excretion, 


TABLE III 


Urinary Excretion of p-Glucuronic Acid after Administration of Barbital 
to Guinea Pigs* 


Urinary p-glucuronic acid 
Day No. Dosaget 

Guinea pig 1 | Guinea pig 2 | Guinea pig 3 | Guinea pig 4 
mg. per day mg. per day | mg. per day | mg. per day | mg. per day 

Control 0.0 33 36 28 28 

ais 0.0 29 30 37 33 

3 0.0 30 25 40 37 

1 150 48 69 38 58 

2 150 84 72 60 67 

3 150 82 55 


* Urine samples were preserved by collection in toluene. 
+ Administered as sodium barbital divided into two doses by intraperitoneal 
injection. The guinea pigs weighed from 425 to 450 gm. 


TABLE IV 


Effect of Glucuronide-Producing Drugs on L-Ascorbic Acid 
Excretion by Rats* 


Drug Dosage No. of rats L-Ascorbic acid p-Glucuronic acid 
mg. per day mg. per day mg. per day 
ESS es eee 100 3 0.94 + 0.25 76 + 13 
a-Naphthol................ 100 3 0.53 + 0.07 56 + 4.0 
Phenolphthalein........... 100 4 0.60 + 0.16 314+ 4.0 


* The average value for urinary excretion after 2 days on each dosage schedule. 
The drug was administered by stomach tube as a homogenate in evaporated milk. 
Average deviation. 


but increase markedly the excretion of b-glucuronic acid (Table IV). 
These results are in marked contrast to those obtained with barbital, 
which increases the excretion of both L-ascorbic and p-glucuronic acids. 

The effect of borneol on L-ascorbic acid excretion by rats receiving 
either barbital or Chloretone was also measured (Table V). The results 
show that borneol does not affect the excretion of L-ascorbic acid by rats 
receiving these drugs. 
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TABLE V 


Effect of Borneol on t-Ascorbic Acid Excretion by Rats 
Receiving Barbital and Chloretone* 


es * iment Drug Dosage* Urinary ascorbic acid 
mg. per day mg. per day 
1 Barbital 50 20 + 1.07 
° + borneol 50 + 100 20 + 2.0 
2 Chloretone 50 35 + 6.0 
- + borneol 50 + 100 30 + 5.0 


* The rats received either barbital or Chloretone for 7 days, and on the last 2 
days the animals also received borneol. The drugs were administered by stomach 
tube. Three rats were used in each experiment. 

+ Average deviation. 


TaBLe VI 
Incorporation of Glucose-1-C™ into Urinary p-Glucuronic Acid and L-Ascorbic 
Acid in Normal and Drug-Treated Rats 


Per cent of dose in 
Experiment No. Drug* 
p-Glucuronic acid | t-Ascorbic acid 
R-309T None <0.04 
R-344BT <0.02 
R-1f 0.02 
R-12t 0.01 
R-303 Barbital 0.45 0.15 
R-306 0.45 0.22 
R-327T 0.34 
R-346AT Chloretone 0.11 
R-346C 0.18 
R-3f 0.55 
R-4f 0.45 


* 150 mg. of barbital were administered daily by intraperitoneal injection, di- 
vided into two equal doses. 50 mg. of Chloretone were administered by stomach 
tube as a homogenate in evaporated milk. The animal received the drug at least 
4 days before the experiment. The animals weighed from 275 to 325 gm. Weighed 
quantities of p-glucose-1-C'™ (10 to 20 mg.) were administered to each animal by 
intraperitoneal injection. 

+ In these experiments urine was preserved with toluene. For the remaining 
experiments, 5 ml. of 10 per cent oxalic acid were used. 

t Previously published experiments (16). 


Radioactive Experiments—The incorporation of p-glucose-1-C' into 
p-glucuronic acid and L-ascorbic acid was compared in normal rats and in 
those receiving barbital and Chloretone (Table VI). It will be noted 


cid 
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that administration of barbital produces a marked increase in the con- 
version of p-glucose to p-glucuronic acid from an average of <0.03 per 
cent in normal rats to an average of 0.40 per cent in rats receiving the 
drug. Barbital also produced about a 10-fold increase in the incorporation 
of p-glucose-1-C' into L-ascorbic acid. 

The conversion of labeled p-glucose to p-glucuronic acid and L-ascorbic 
acid in rats receiving Chloretone averaged 0.15 per cent and 0.50 per cent, 


TaBLeE VII 
Effect of Barbital and Chloretone on L-Ascorbic Acid Excretion in Normal, 
Hypophysectomized, and Adrenalectomized Rats 


Normal Hypophysectomized Adrenalectomized 
D hedule* |. 
L-Ascorbic acid L-Ascorbic acid L-Ascorbic acid 
aie in urine aan in urine tne B in urine 
mg. per day mg. per day mg. per day 
None...... 8S | 0.28 + 0.04722 0.26 + 0.127 8 | 0.35 + 0.15T 
Barbital ...|12.5 mg. for 2 | 8 | 3.2 4 0.91 | 6 0.37 + 0.45 
days, 25 mg. 
for 1 day by in- 
traperitoneal 
injection 
Barbital.../25 mg. for 5 4.9 + 0.81 | 3 0.19 + 0.02 3 3.24 0.46 


days by stom- | 
ach tube | 
Chloretone./12.5 mg. for 3 | 8 10.8 + 1.635 2.4 41.73 5 12.1 41.7 
. days by stom- | 
ach tube 
Chloretone.|25 mg. for] day | 7 | 7.2 + 1.95 3 0.24 + 0.02 
by stomach 
tube 


* Excretion of L-ascorbiec acid was measured during the last day of drug admin- 
istration. The rats weighed from 190 to 210 gm. 
Average deviation. 


respectively. Previous studies have shown that Chloretone has an effect 
similar to barbital in stimulating the excretion of L-ascorbie and p-glu- 
curonic acids (17). Since little information is available on the fate of 
Chloretone, it was not known whether this increase in p-glucuronic acid 
excretion represents free p-glucuronic acid or glucuronides. The method 
used in measuring p-glucuronic acid does not distinguish between the 
free and the conjugated form (10). The results of the present tracer 
study show that at least a part of the p-glucuronic acid excreted in urine 
in response to Chloretone is present in the free form. 

Experiments with Hypophysectomized and Adrenalectomized Rats—The 
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effect of different dosages of barbital and Chloretone upon excretion 
of L-ascorbic acid by normal, hypophysectomized, and adrenalectomized 
rats was compared (Table VII). It will be noted that administration of 
either barbital or Chloretone has little or no effect on L-ascorbic acid ex- 
cretion by hypophysectomized rats. However, administration of these 
drugs to adrenalectomized rats produces an increase in L-ascorbic acid 
excretion similar to that observed in normal rats. 


DISCUSSION 


The results presented in this study show that barbital produces a marked 
increase in urinary excretion of both L-ascorbic acid and p-glucuronic 
acid in rats and dogs and of p-glucuronic acid only in guinea pigs. The 
observation that barbital is neither metabolized nor conjugated in the 
body indicates that its effect on L-ascorbic acid and p-glucuronic acid 
synthesis occurs independently of any known detoxication mechanism. 

The results of the experiments in which the incorporation of b-glucose- 
1-C' into urinary L-ascorbic acid and p-glucuronic acid was measured in 
normal rats and in those receiving either barbital or Chloretone further 
point out the striking effect of the drug on the synthesis of these com- 
pounds. Of particular importance, the isotopic dilution method employed 
in these experiments furnishes evidence for the presence of free p-glu- 
curonic acid in urine of rats receiving barbital and Chloretone. Data 
for the formation of free p-glucuronic acid in animals have been meager 
(18, 19). Evidence has been presented previously by Smith and Williams 
(20, 21) for free p-glucuronic acid in urine of rabbits receiving aniline and 
phenetidine, but it was thought to originate from the breakdown of labile 
glucuronides of the administered compound. 

Administration of barbital or Chloretone to rats apparently stimulates 
the synthesis of L-ascorbic acid via the following pathway: p-glucose — 
p-glucuronolactone — L-gulonolactone — L-ascorbic acid. Evidence for 
this scheme has come from experiments in both normal and Chloretone- 
treated rats in which the incorporation of C' in L-ascorbic acid was meas- 
ured after administration of various tracers, including carbon 1, carbon 6, 
and uniformly labeled p-glucose (22-24, 16), carboxyl, and uniformly 
labeled p-glucuronolactone (3, 4), and carboxyl-labeled L-gulonolactone’® 
(4). Further evidence for this pathway is found in the present study 
in that barbital and Chloretone stimulate the conversion of b-glucose-1-C™ 
to p-glucuronic acid. Other studies have shown that administration of 
these drugs to rats also increases the conversion of p-glucose-1-C' to uri- 


3 The possibility that p-glucuronic acid and L-gulonic acid as well as their lactones 
are intermediates in the biosynthesis of L-ascorbic acid has been pointed out recently 
from in vitro experiments (25). 
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nary L-gulonic acid (26). The amount of p-glucuronic acid and L-ascorbic 
acid excreted in urine represents only a small fraction of the total p-glucose 
metabolized via this pathway. For instance, administered p-glucurono- 
lactone and L-gulonolactone are extensively oxidized to COz2 and only a 
small fraction excreted as their respective acids in urine (3, 4). In ad- 
dition, only a part of L-ascorbic acid synthesized each day in rats treated 
with drugs is excreted in urine, and the remainder is either oxidized to 
CO, or excreted in urine as various metabolites (2). 

Barbital is one of the many drugs which increases the urinary excretion 
of L-ascorbic acid. These include various barbiturates, other hypnotic 
drugs such as Chloretone, paraldehyde, and Trional (sulfonethylmethane), 
and certain antipyretic and analgesic drugs such as antipyrine and amino- 
pyrine (1). Since there is an apparent lack of structural specificity for 
this effect on L-ascorbic acid excretion, the possibility must be considered 
that the drugs act in some indirect way on carbohydrate metabolism, re- 
sulting in p-glucose being metabolized via p-glucuronolactone. Possible 
hormonal control over this phenomenon is suggested from the results, 
which show that the effect of Chloretone and barbital on L-ascorbic acid 
excretion is considerably less in hypophysectomized rats than in normal 
rats. The adrenals are apparently not involved, however, since adminis- 
tration of these drugs to adrenalectomized rats produces about the same 
increase in L-ascorbic acid excretion as that observed in normal rats. 


SUMMARY 


Barbital produces a marked increase in urinary excretion of L-ascorbic 
acid and p-glucuronic acid in rats and dogs. In the guinea pig, a species 
which is unable to synthesize L-ascorbic acid, an increase in bD-glucuronic 
acid excretion only occurs. The incorporation of p-glucose-1-C'™ into 
free p-glucuronic acid in urine is markedly enhanced upon administration 
of barbital and Chloretone to rats. 

The effect of barbital on L-ascorbic acid and p-glucuronic acid excretion 
is apparently not related to any known detoxification mechanism since 
barbital is neither metabolized nor conjugated but is excreted unchanged 
in urine. The results point out a possible additional mechanism for p- 
glucuronic acid formation in response to drugs other than that via glucu- 
ronide synthesis. 

Barbital and Chloretone have little or no effect on L-ascorbic acid ex- 
cretion in hypophysectomized rats, suggesting possible hormonal control 
over L-ascorbic acid synthesis in response to drugs. 


The authors gratefully acknowledge the assistance of Miss Constance 
Glasgow, Mrs. Jane Kaplan, and Mr. James Perel in carrying out various 
analyses in this study. 
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(From the McArdle Memorial Laboratory, Medical School, 
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Of the protein and ribose nucleic acid (RNA) normally present in liver, 
ork approximately one-half is lost when adult male rats are fasted for 6 days 
567 (1). Neither during this fasting period nor during the recovery period 
after the animals are returned to a normal diet is there a significant change 
1). in the total number of cells or in the total content of deoxyribose nucleic 
acid (DNA) in the liver (1-3). Substantially no mitosis or endomitosis 
os takes place. Thus, the rapid synthesis of RNA and protein which ac- 
companies refeeding is associated with cell enlargement, 7.e. non-mitotic 
growth. 

In contrast, regeneration of liver tissue after partial hepatectomy is 
! accomplished by mitotic reproduction of the cells present after the opera- 
2 tion (4). The visible onset of mitosis takes place between 24 and 36 hours 
after the operation, but Price and Laird (5) have shown that a rapid syn- 
thesis of DNA and other nuclear and cytoplasmic components begins 
approximately 12 hours after the operation. It is becoming increasingly 


6, evident that, before the visible onset of mitosis, there is a period in which 
- many cell components are synthesized in preparation for cell division 
(5-8). 


The present study is concerned with the effects of amethopterin (4- 
amino-N'°-methylpteroylglutamic acid), a known antagonist of folic acid 
and citrovorum factor (9-11), on the synthesis of nucleic acid and protein 
which accompanies both the mitotic growth of rat liver upon partial hepa- 
tectomy and the non-mitotic growth of the same tissue during refeeding 
after fasting. 


M aterials and Methods 


Male albino rats! weighing 200 to 250 gm. were used. The food con- 
sisted of Friskies dog pellets, and the animals were maintained on this 
diet for at least 1 week before being used in experiments. 


* This work was supported by a grant from the American Cancer Society upon 
recommendation of the Committee on Growth of the National Research Council 
and by the Alexander and Margaret Stewart Trust Fund. 

+t Present address, Argonne National Laboratory, Lemont, Illinois. 

1 Obtained from the Holtzman Rat Company, Madison, Wisconsin. 
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In the experiments on recovery from fasting (Experiments I to IV, 
Tables I and II), the animals were fasted for 6 days and then allowed free 
access to food. Throughout all of the experiments, the rats had access 
to water. The treated animals received amethopterin? (2 mg. per kilo) in a 
single intraperitoneal injection each day, the first injection being adminis- 
tered 1 hour before the fasted animals resumed feeding. The control 
animals were pair-fed to those receiving amethopterin. 

Three studies of regenerating liver were made. In the first two (Experi- 
ments V and VI, Table III), the animals received amethopterin (2 mg. 
per kilo) in a single intraperitoneal injection each day for 4 days (Experi- 
ment V) or 5 days (Experiment VI) and were then subjected to partial 
hepatectomy by the procedure of Higgins and Anderson (12). Beginning 
3 hours after the operation, each animal received amethopterin by sub- 
cutaneous injection every 6 hours (0.8 mg. per kilo), and they were killed 
30 hours after the operation. In the third of the regenerating liver experi- 
ments (Experiment VII), the animals received no amethopterin before 
partial hepatectomy; treatment after the operation was the same as that 
in the other regenerating liver experiments, except that the amethopterin 
dose was 2 mg. per kilo for each injection. In each case, the control ani- 
mals were pair-fed to those receiving amethopterin. 

The procedure for the homogenization and fractionation of the liver 
tissue has been described previously (13). Samples of the tissue homog- 
enates and cell fractions were analyzed for protein nitrogen by a nessleri- 
zation procedure (14) and for nucleic acids by the method of Schneider 
(15). Nuclei were counted in the unfractionated homogenates as de- 
scribed previously (16). 

3 hours before being killed, each animal received glycine-2-C" (4 mg. 
per kilo; 67 ye. per kilo)* and inorganic phosphate-P® (20 ye. per kilo)* in 
a single intraperitoneal injection, except that in Experiment I the P® 
dosage was 200 ue. per kilo. The procedure for the isolation of protein 
and nucleic acid samples for determination of specific activity was based 
on the method described by Barnum and Huseby (17) and was set up in 
this laboratory by Dr. Oddvar Nygaard (1). The P*® radioactivity of the 
nucleic acid extracts was measured in an annulus counter‘ which registered 
only P*, since its walls were thick enough to absorb substantially all of the 


?The amethopterin was generously donated by Dr. J. M. Ruegsegger, of the 
Lederle Laboratories Division of the Union Carbide and Carbon Company. 

3 The glycine-2-C'™ was obtained from Tracerlab, Inc., on allocation from the 
United States Atomic Energy Commission. The orthophosphate-P*? was supplied 
by Dr. E. C. Albright of the Department of Medicine, University of Wisconsin, on 
allocation from the United States Atomic Energy Commission. 

4 Obtained from the Radiation Counter Laboratories, Inc., Skokie, Illinois. 
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C" radioactivity. For measurement of the C"™ radioactivity of these 
solutions, aliquots were subjected to wet combustion (Van Slyke-Folch) ; 
the C“O, thus separated from the P® was trapped in NaOH and con- 
verted to BaCO; for counting. The protein samples were counted under 
an end window counter, with and without an aluminum disk, which ab- 
sorbed substantially all of the C™ radioactivity and reduced the P® count 
to 73 per cent of that obtained without the absorber; the data so obtained 
were used to calculate the C' radioactivity of the protein samples. 

The specific activity of the uncombined glycine was determined by the 
procedure described previously (18), except that the dimedon precipitate 
was dissolved in dilute alkali and reprecipitated by the addition of 2 to 3 
drops of glacial acetic acid. The specific activity of the acid-soluble phos- 
phorus was determined by measuring the P® activity and total phosphorus 
content of a trichloroacetic acid extract prepared from each homogenate. 


Results 


Experiments on Recovery from Fasting—During the Ist day of refeeding, 
the food intake of the animals receiving amethopterin was the same as 
that of control animals allowed to eat ad libitum; thereafter the food in- 
take decreased rapidly, reaching zero by the 4th day of refeeding, at which 
time the animals were moribund. In these rats, the wall of the intestine 
was very thick and the lumen was filled with mucus. The quantities of 
RNA and protein nitrogen in the cell fractions of the animals during re- 
feeding after fasting are shown in Table I. Since it had been found that 
there was no change in the number of cells in the liver during fasting and 
refeeding (1-3), the values may be expressed either in terms of the average 
liver or of the average liver cell; in Table I they are given in terms of mg. 
per average liver. After 2 days of refeeding, the values for the animals 
treated with amethopterin fell between those for 1 and 2 days of refeeding 
in control animals fed ad libitum, and were slightly higher than those for 
pair-fed controls. After 4 days of treatment with amethopterin, the quan- 
tities of RNA and protein nitrogen in the average liver were lower than 
after 2 days of treatment, as would be expected from the reduced food 
intake, but here again they were higher than the corresponding values 
in pair-fed controls. 

The data in Table IT represent the relative specific activity of the nu- 
cleic acid and protein in these animals during refeeding after fasting; they 
are expressed as (counts per minute per mg. divided by counts per minute 


’We are grateful to Mrs. Edith Wallestad and Mrs. Dorothy MeManus for as- 
sistance in the measurement of C™ radioactivity, under the general supervision of 
Dr. C. Heidelberger. 
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per microgram of uncombined glycine or acid-soluble P).° It is evident 
that treatment with amethopterin for 2 days produced no significant effect 
on the incorporation of either label into the RNA in the liver cell frac- 
tions. After 4 days of treatment, the labeling of these fractions tended 
to be higher than in the pair-fed controls. Under the conditions used, 


TABLE I 


Influence of Amethopterin Treatment on Restoration of Ribose Nucleic Acid and 
Protein in Rat Liver during Refeeding after Fasting 


Refeeding after fasting 


Cell fraction Fasted 6 days | 1 day 2 days 4 days 
Group B Group C Group |Group 


Ribose nucleic acid, mg. per liver 


Homogenate............. 41.0 62.7) 76.7| 69.7, 74.8) 71.5) 61.2) 71.0 41.0 
10.8 14.0) 10.8) 17.8) 11.6) 16.2) 11.9) 4.7) 10.0 
Mitochondria I........... 1.1 1.3) 1.6) 1.4) 2.4) 2.1) 1.9) 2.0) 0.8 

5.8 16.5; 28.6, 13.9, 11.9) 10.7; 5.3, 9.5) 2.8 
Microsomes.............. 15.6 19.6 28.5 17.1) 16.7) 26.0, 13.4) 17.3, 10.0 
Supernatant............. 8.9 13.0 15.7) 14.0 13.6) 15.2 11.2) 11.8 10.2 


Homogenate............. 142f 187 (214 (200 (204 |170 (124 
44.5 77.4) 37.8) 53.3) 47.4) 47.0 46.5) 34.5 42.9 
Mitochondria I........... 22.0 13.5) 23.5) 22.2) 30.4) 32.8) 30.8) 30.9) 20.0 
13.5 32.0, 41.1, 33.0 33.0) 18.8 16.7, 23.6 5.7 
Microsomes.............. 17.9 24.8) 35.1) 27.0 30.0) 30.3, 28.2 30.8) 17.1 
Supernatant............. 43.3 53.4) 74.8) 60.5; 70.0) 84.8) 61.9) 57.5) 38.8 


* Group A, animals fed ad libitum; Group B, animals which received amethop- 
terin (2 mg. per kilo) in a single intraperitoneal injection each day and were fed ad 
libitum; Group C, controls, pair-fed to animals receiving amethopterin. The two 
mitochondria fractions are described in the text. 

t In each case, measurements were made on pooled material from four animals. 


the incorporation of both labels into the DNA was too low to permit valid 
conclusions regarding the effects of amethopterin treatment on the label- 


6 Basing the relative specific activities of nucleic acids and proteins on the specific 
activity of uncombined glycine or acid-soluble phosphate at the time of sacrifice is 
obviously arbitrary, since we do not know the specific activity of the immediate pre- 
cursors, particularly in the case of the nucleic acids. However, the usefulness of 
the method is indicated by the good agreement in the P*? relative specific activity of 
liver RNA in Experiments I and II (Table II) despite a 10-fold difference in the 
level of P*? dosage. 
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Protein nitrogen, mg. per liver 
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Relative Specific Activities* of Ribose Nucleic Acid and Protein in Tissues of Rats 
Treated with Amethopterin during Refeeding after Fasting 


2 days refeeding 4 days refeeding 
Amethopterin Control Amethopterin Control 
Experiment No. Experiment No. 
I II I II Ill IV III IV 
Liver RNA (50)T| (51) | (48) |(50) |(73) (65) 
Nuclei 9.5) 10.0; 6.4) 17.9 16.6 
Mitochondria II 1.5} 0.4) 0.4) 0.4) 6.1 0.7 
Microsomes 0.5 0.3) 1.5 0.8 
Supernatant 2.0; 1.7} 6.1) 0.6) 3.5 1.8 

Liver RNA (P3?) (184) |(40) |(178) |(41) | (49) (31) 

Nuclei 130 /|136 96 (127 /|110 100 
Mitochondria II 12.4; 9.8) 7.2) 5.2) 16.0 18.3 
Microsomes 25.2] 13.8} 12.4| 5.7) 14.4 16.2 
Supernatant 38.7) 36.7) 25.3) 24.2) 36.2 45.1 

Liver protein (C™) | (50) |(51) | (48) |(50) 

Nuclei 14 | 15 14 | 13 
Mitochondrial | 7.9} 8.9} 8.2) 7.7 
“ II ll | 14 13 | 12 
Microsomes 11 | 20 19 | 17 
Supernatant 16 | 13 13 | 1l 
Pancreas RNA (C"*) 0.5 (96) 0.7 (67) 
1.1 (11) 0.5 (9) 

Small intestine RNA 16 (69)|22 (57) 65 (29)|34 (38) 

Small intestine RNA 58 (19)} 3.0 (18) | 44 (17)|10 (13) 
(P%) 

Small intestine DNA 1.5 (57) 18 (38) 
(C14) 

Small intestine DNA 0.4 (18) 8 (13) 
(P%?) 

Spleen RNA (C'*) 1.2 (54) 1.3 (39) 
o “ (P32) 4.2 (8.1) 12 (9) 
DNA (C#*) 1.0 (54) 13 (39) 
“  (P3?) 0 (8.1) 13 (9) 


* Relative specific activities are expressed as (counts per minute per mg. of RNA, 
or protein divided by counts per minute per microgram of glycine, or acid-soluble P). 
t The numbers in parentheses give the observed specific activity of the uncom- 
bined glycine, or acid-soluble phosphate, expressed as counts per minute per micro- 


gram. 


ing of liver DNA in these animals. 


In each case, measurements were made on pooled material from four animals. 


In the pancreas, as in the liver, incor- 


poration of both labels into DNA was extremely low and amethopterin 
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III 
Influence of Amethopterin Treatment on Quantities and Specific Activities of Cell 


NUCLEIC 


ACIDS 


Constituents in Livers of Rats Regenerating after Partial Hepatectomy 


Acid- 
DNA soluble RNA 
= RNA| RNA 
E t No. 
V. Amethop- (1)* 12.2) 3.83T| 
terin (2) 112.4 3.52 | 0.99 |46.2 |15.6 133.9) 2.74 |2.27 |109 2.740.311 
(3) 13.3) 2.68 | 1.06 |48.3 (37.4 |43.7) 2.59 |1.20 |151 3.28)0. 289 
(4) 115.6, 7.50 | 6.07 |43.2 (13.9 |41.2) 1.78 |2.70 |136 2.640.303 
Mean 13.4) 4.38 | 3.00 38.1) 2.58 |2 128 2.85)0.299 
Control (1) |15.9/31.2 |10.4 /26.9 [16.1 |50.3/22.3 (8.45 |137 3.16/0.317 
(2) 116.4'39.8 |11.5 /26.8 |12.8 |39.6)17.8 2.42'0.309 
(3) |18.4:35.5 (18.0 (29.8 |12.0 |56.7/13.8 (9.06 |169 3.060.335 
(4) | 7.2 (33.4 [14.1 |41.7)12.3 (8.72 |125 2.68/0.333 
Mean........./16.6'29.9 /11.8 47.1|16.5 (9.02 |140 2.83'0.323 
VI. Amethopterin 
(1) |11.1) 6.78 | 2.69 |52.0 (20.3 |48.5/14.7 /4.23 4.3710. 404 
(2) |10.8 0.47 |37.4 (21.3 |48.5|24.2 (4.65 |122 4.49'0.398 
(3) | 9.5)11.0 | 4.95 |51.8 (22.4 4.35 |134 '5.08'0.361 
Mean......... 10.5; 8.9 | 2.70 48.4/17.7 (4.41 4.65)0.388 
Control (1) |19.026.3 | 5.79 |43.8 |28.8 |85.0'76.8 (8.32 |205 4.47\0.415 
(2) |16.2/29.5 | 4.32 |44.6 |30.4 (64.3194.2 (8.75 3.9710.376 
(3) (18.5 6.10 |76.7 (21.5 |72.2)32.6 (9.02 |175 3.900.413 
Mean 17.927.9 | 5.40 73 .8'67.9 ‘8.70 |184 4.12)0.401 
VII. Amethop- (14.3) 2.46 | 8.1 89.5 | 8.8 59.7) 1.84 8.3 " 4.180.356 
terin 
Control 14.0 5.26 | 8.1 84.1 (15.0 161.8) 6.46 8.5 (144 4.310.428 


* In Experiments V and VI, each measurement was made on material from one 
animal; in Experiment VII, each measurement was made on pooled material from 


four animals. 


t The relative specific activities of nucleic acids and protein are expressed as 
(counts per minute per mg. of nucleic acid, or protein divided by counts per minute 
per microgram of uncombined glycine, or acid-soluble P). 

t The specific activity of uncombined glycine, or acid-soluble P, is expressed as 
counts per minute per microgram. 
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produced no significant effect on the labeling of RNA. In the small in- 
testine and spleen, on the other hand, there was extensive incorporation 
of both labels into the DNA, and both of these processes were inhibited 
drastically by the amethopterin treatment. There was also some indica- 
tion that the amethopterin treatment reduced the incorporation of the 
two labels into the RNA in these tissues. | 

Experiments on Regenerating Liver—Data on the quantities and labeling 
of nucleic acid and protein in the livers of animals after partial hepatec- 
tomy are given in Table III; the quantities are expressed as gm. X 10-” 
of nucleic acid or protein nitrogen per cell (calculated on the basis of one 
nucleus per cell), and the specific activities are expressed as in Table II. 
In Experiments V and VI, the amethopterin not only inhibited the in- 
corporation of both labels into DNA and RNA, but prevented the increase 
in the quantities of these substances per cell which normally occur during 
the first 24 to 30 hours after partial hepatectomy (5). In these experi- 
ments, there is considerable variation in the extent of the increase in DNA 
per cell in the controls and in the degree of inhibition of the DNA increase 
by the amethopterin treatment, and yet, in comparison with its effect on 
the increase of DNA, this treatment produced very little change in the 
ratio of RNA to DNA or in the ratio of RNA to protein nitrogen. Thus, 
when the amethopterin produced an inhibition of the increase of DNA, it 
produced a proportional inhibition of the increase in RNA and protein 
nitrogen. The increases of RNA and particularly of protein per cell in 
these experiments are somewhat larger than those reported for normal rats 
by Price and Laird (5), but in the present experiments the period of regen- 
eration was 30 rather than 24 hours, and the initial quantities of RNA and 
protein per cell were lower than normal, due to the reduction in food in- 
take produced by the pretreatment with amethopterin. 

In Experiment VII, in which the rats were not pretreated with amethop- 
terin before partial hepatectomy but received frequent large doses there- 
after, the amethopterin treatment inhibited the incorporation of glycine-2- 
C into both DNA and RNA, but this did not interfere with the normal 
increase in the amounts of these substances per cell, or with their labeling 
by P*, 


DISCUSSION 


It is generally agreed that the action of the antifolic drugs is directed 
chiefly against tissues in which there is active cell division, and this was 
true in the present experiments. The labeling of the nucleic acids was 
inhibited only in the spleen and small intestine, but not in the liver and 
pancreas of the animals recovering from fasting. When the non-mitotic 
metabolism of the liver was diverted to preparation for cell division, upon 
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partial hepatectomy, the nucleic acid metabolism in this organ became 
susceptible to inhibition by amethopterin (cf. Nanetti (19)). In this case, 
the drug produced an inhibition of the net synthesis of RNA and protein 
that was proportional to the inhibition of the net synthesis of DNA, sug- 
gesting that these syntheses are parts of an integrated process in which 
the cells prepare for division and that the amethopterin inhibited the onset 
of this process. 

Apparently the synthesis of RNA is not affected directly by amethop- 
terin, but only indirectly as a result of an inhibition of the preparation for 
cell division, and consequently only the RNA metabolism associated with 
mitosis is affected. Furthermore, the inhibitory effect of this drug in vivo 
is probably not on a phase of nucleic acid synthesis common to RNA and 
DNA, as would be the case in the incorporation of 1-carbon units into the 
purines. 

It is evident that inhibition of the incorporation of 1-carbon units into 
the purines and thymine is not immediately sufficient to prevent the syn- 
thesis of DNA, because the normal net synthesis of RNA and DNA, and 
their labeling by P*, was not inhibited when the administration of ameth- 
opterin at a high dose level was confined to a brief period after partial 
hepatectomy, even though this resulted in a marked inhibition of the in- 
corporation of glycine into both nucleic acids (20-22). 

Brief administration of amethopterin even at a high dose level was 
ineffective, and prolonged administration was required in order to produce 
effective inhibition of nucleic acid synthesis. Consequently, it appears 
that the inhibitory effect is produced by the depletion of some critical 
material (23, 24), the product of a reaction that is susceptible to inhibition 
by amethopterin. This product might well be a thymine derivative 
(25-27), or it might be a cofactor for which amethopterin is not a competi- 
tive antagonist. It is not improbable that some early stage in the syn- 
thesis of DNA, which is susceptible to amethopterin, is responsible for 
triggering the integrated synthesis of cell constituents in preparation for 
mitosis. 

SUMMARY 


The present study deals with the effects of amethopterin on the changes 
that take place in the net quantities of deoxyribose nucleic acid, ribose 
nucleic acid, and protein and in the incorporation of glycine-2-C™ and 
inorganic phosphate-P® into the cell constituents during the mitotic 
growth of rat liver following partial hepatectomy and during the non- 
mitotic growth of this tissue that accompanies refeeding after fasting. 

Nucleic acid synthesis was inhibited only when it was associated with 
the preparation for cell division. This inhibition seemed to be produced 


— — 
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by depletion of some critical material, because prolonged administration 
of the drug was required to produce it. Apparently ribose nucleic acid 
synthesis is not inhibited directly in vivo, but only indirectly as a result of 
the inhibition of the preparation for mitosis. 
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STUDIES ON THE MECHANISM OF FORMALDEHYDE 
INCORPORATION INTO SERINE* 


By ROY L. KISLIUK 


(From the Department of Biochemistry, School of Medicine, 
Western Reserve University, Cleveland, Ohio) 


(Received for publication, December 26, 1956) 


Previous work has demonstrated that synthetic 5,6,7 ,8-tetrahydrofolic 
acid! stimulates the incorporation of formaldehyde into serine (2-4). 
In the present investigation it is shown that formaldehyde reacts non- 
enzymatically with THFA to form precursors of the serine 8-carbon. 


Materials and Methods 


Preparation and Assay of Reduced Pteridines—The THFA used in these 
experiments was prepared by hydrogenating 1 gm. of commercial folic 
acid (Nutritional Biochemicals Corporation, Cleveland, Ohio) in 100 ml. 
of glacial acetic acid with 500 mg. of platinum oxide catalyst (J. H. Bishop 
Company, Malvern, Pennsylvania) for 5 hours at 25° (5). The uptake of 
hydrogen was then 80 per cent of theoretical. After removal of the 
catalyst and unchanged folic acid by filtration under hydrogen, the THFA 
was precipitated by pouring the glacial acetic acid solution into 500 ml. 
of purified ether.2 The creamy white precipitate was collected by cen- 
trifugation, washed five times with 300 ml. portions of ether, and finally 
dried in vacuo over sodium hydroxide. It was stored in darkness under 
nitrogen in sealed ampules. Steam distillation of an acid solution of 
this preparation showed that no acetic acid was present. When dried 
in vacuo at 100° for 2 hours over phosphorus pentoxide, the loss of weight 
was 6 per cent. The dry product yielded 98 per cent of the theoretical 
nitrogen value by the Kjeldahl method (6) and 105 per cent of the theoreti- 
cal iodine titration value. 

When hydrogenation was continued for 20 hours, 133 per cent of the 
theoretical hydrogen uptake occurred, and all of the folic acid went into 
solution. The iodine titration of the final product was 130 per cent of the 
theoretical value. The nature of the substances formed under these 
conditions is not known. 


* The results of preliminary experiments in this investigation have been reported 
(1). This investigation has been supported by the Elisabeth Severance Prentiss 
Fund and by a grant-in-aid from the American Cancer Society upon recommendation 
of the Committee on Growth of the National Research Council. 

1 The following abbreviations have been used: THFA = 5,6,7,8-tetrahydrofolic 
acid; DHFA = 7,8-dihydrofolic acid. 

* Suggested by Dr. L. Jaenicke and Dr. G. R. Greenberg. 
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DHFA was prepared as described by O’Dell et al. (5). It yielded the 
theoretical iodine titration value. 

The hydrogenation of 100 mg. of 2-amino-4-hydroxy-6-methy]pteridine’ 
with 100 mg. of catalyst in 10 ml. of glacial acetic acid was complete in 
1 hour. The reduced pteridine was recovered after removal of the cata- 
lyst by allowing the glacial acetic acid solution to remain in vacuo over 
sodium hydroxide for 1 week. The powder thus obtained yielded the 
theoretical iodine titration value. 

The hydrogenation of 130 mg. of 10-methylfolic acid* with 130 mg. of 
catalyst in 10 ml. of glacial acetic acid was complete in 2 hours. The 
product, recovered by ether precipitation as described for the preparation 
of THF A, yielded the theoretical iodine titration value. 

Solutions of the reduced pteridine derivatives were dispensed by syringe 
from serum bottles filled with hydrogen. 

Determination of Bound Formaldehyde—A solution containing formalde- 
hyde and the compound to be tested for binding ability was passed through 
a Dowex 1 chloride‘ column (1 X 3 em., 10 per cent cross-linked, 100 to 200 
mesh), which was then washed with water until 10 ml. of eluate were 
collected. Free formaldehyde is recovered quantitatively by this proce- 
dure. After incubation with THF A, the formaldehyde is not completely 
recovered. ‘The amount not recovered is referred to as bound formalde- 
hyde. In the case of 2-amino-4-hydroxy-6-methyltetrahydropteridine, 
2 em. of unground Nuchar C (7) were included on the column to remove 
material which gave rise to a colored product in the Dowex 1 eluate on 
standing for several hours in air. The Nuchar C does not bind any 
formaldehyde, nor does it cause the release of formaldehyde bound to 
THFA. 

Formaldehyde was determined by the method of Nash (8) in which 
the acetylacetone reagent was employed. 

Serine Determination—Serine was determined by a modification of the 
procedure of Frisell et al. (9) which involved treatment of the serine with 
periodate and removal of excess periodate from the reaction mixture with 
the Dowex 1 columns employed in the determination of bound formalde- 
hyde. Formaldehyde arising from the 8-carbon of serine is recovered 
quantitatively, whereas periodate ion is completely retained by the column. 
With this modification, the determination of serine is as sensitive as that 
of formaldehyde. 


3 2-Amino-4-hydroxy-6-methylpteridine and 10-methylfolic acid were obtained 
through the courtesy of Dr. James Smith, Jr., of the Lederle Laboratories Division, 
American Cyanamid Company, Pearl River, New York. 

4 After removal of the fines the resin was stirred in 1 N HCl for 20 minutes and 
washed on a column with 2 liters of water. 
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Enzyme Preparations—The preparation and ammonium sulfate fractiona- 
tion of pigeon liver extract after treatment with Dowex 1 and dialysis 
have been described previously (2). 

Assay of Citrovorum Factor Activity—This assay was carried out essen- 
tially by the turbidimetric procedure of Sauberlich and Baumann (10). 
The assay tubes were inoculated with 0.07 ml. of a washed suspension of 
Leuconostoc citrovorum (Klett reading 70, No. 660 filter) per 10 ml. of medium 
prior to the addition of the compound to be tested. Barium leucovorin 
was used as the standard. 

Radioactivity Determination—Radioactivity was determined on infinitely 
thin samples as described previously (2). 

Protein Determination—Protein was determined by the method of 
Lowry et al. (11) with bovine serum albumin as the standard. 


RESULTS AND DISCUSSION 


When THFA was incubated with formaldehyde in equimolar concentra- 
tion (0.003 m in 0.1 mM potassium phosphate, pH 7.6), 77 per cent of the 
formaldehyde was bound within 45 seconds. If the incubation was car- 
ried out for 20 minutes, no release of the bound formaldehyde could be 
detected. If the formaldehyde concentration was increased 3-fold, the 
amount recovered indicated that a maximum of 84 per cent of the THFA 
reacted. The remaining 16 per cent may have been degraded on hydro- 
genation, yielding products which take up iodine but do not react with 
formaldehyde. 

In order to determine the site of formaldehyde binding, various folic 
acid analogues were tested for this property (Table I). These data suggest 
that hydrogen atoms on both the 5 and 10 nitrogen atoms of THFA are 
required for formaldehyde binding, since the compounds lacking either or 
both of these hydrogens bind formaldehyde poorly. A possible structure 
for the compound formed is shown in Fig. 1; this is a derivative of THFA 
in which nitrogen atoms 5 and 10 are joined by a methylene bridge. 

The results shown in Table I also reveal that, with the exception of 
DHFA, compounds which bind formaldehyde poorly cannot stimulate 
incorporation of formaldehyde into serine. The mechanism by which the 
DHFA preparation catalyzes this incorporation is not clear. It is possible 
that it contains a small amount of THFA. Alternatively, DHFA may 
be converted to THFA by the extract by a dismutation reaction in which 
equal amounts of THIA and folic acid are formed. ‘The conversion of 
DHFA to THFA has been reported to be catalyzed by xanthine oxi- 
dase (12). 

§ Gift of Dr. H. P. Broquist of the Lederle Laboratories Division, American Cyana- 
mid Company, Pearl River, New York. 
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Although a net increase in free formaldehyde could not be demonstrated 
after allowing a 0.003 m solution of bound formaldehyde to stand in air at 
room temperature for 20 minutes, if one mixes bound formaldehyde-C" 
with unlabeled free formaldehyde, radioactivity is released from the 


TABLE I 
Binding of Formaldehyde by Folic Acid Derivatives 


Added 
CH:0 Radioactivity in 
Derivative recovered serine 
(non- (enzymatic) 
enzymatic) 
per cent c.p.m. 
5.6,7,8-Tetrahydrofolic acid... . 15 36,000 
10-Methyltetrahydrofolic 93 450 
2-Amino-4-hydroxy-6-methyltetrahydropteridine............. 95 225 


In the non-enzymatic experiments, 3 wzmoles of CH2O were mixed with 4 umoles of 
pteridine in open test tubes at 27° in 0.1 M potassium phosphate, pH 7.6, in a total 
volume of lml. Reaction time, 5 minutes. In the enzymatic experiments, 4 umoles 
of formaldehyde-C" (104,000 c.p.m.), 20 uzmoles of glycine, 4 wmoles of pteridine, and 
Dowex 1-treated, dialyzed pigeon liver extract equivalent to 20 mg. of protein were 
incubated in a total volume of 1 ml. for 10 minutes at 34° in air in 0.1 M potassium 
phosphate, pH 7.6. 


H 
\ DERE 
OH Ne H> 


Fic. 1. Proposed structure for the product formed by the reaction of formaldehyde 
with tetrahydrofolie acid. 


THFA (Table If). This release appears to be promoted by displace- 
ment of bound material by that which is free, since as more unlabeled 
formaldehyde is added, more radioactive formaldehyde is released. The 
presence of pigeon liver extract did not stimulate the release of bound ma- 
terial. 

Although maximal binding occurred at pH 8, the reaction was not 
greatly influenced by hydrogen ion concentration between pH 5.4 and 
8.5. Increasing the pH above 8.5 resulted in a sharp decrease in binding. 


Ho CHo 
COOH 
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d Experiments performed previously (13) on the effect of hydrogen ion 
“ concentration on formaldehyde incorporation into serine in partially 
purified pigeon liver extracts showed that the maximal incorporation 
” occurred between pH 7.7 and 8.0 with a sharp drop on either side of these 


values. 
TaBLeE II 
: Effect of Addition of Unlabeled Formaldehyde on Release 
is of Bound Formaldehyde-C™ 
CH:0 isolated Total C™ released 
CH20 added 
With Without With Without 
enzyme enzyme enzyme enzyme 
pmoles pmoles pmoles C.p.m. c.p.m. 
0 0.12 0.06 1,600 2,500 
2 1.20 1.18 8,700 10,200 
5 2.97 3.30 14,400 15,400 
10 7.26 8.00 18,700 18,300 
15 12.11 13.30 22,400 20,400 


Bound formaldehyde-C™ containing 3.8 wmoles of THFA and 2.5 uwmoles of form- 
aldehyde-C™ (65,000 c.p.m.) was incubated in a total volume of 1 ml. for 10 min- 
utes at 34° in open test tubes in 0.1 mM potassium phosphate, pH 7.6. The enzymatic 
experiments contained, in addition, Dowex 1-treated, dialyzed pigeon liver extract 
equivalent to 15 mg. of protein. At the end of the incubation the mixture was 
poured through Dowex 1 columns as described under ‘‘Materials and methods.”’ 
Protein was removed by adding 1 ml. of 20 per cent trichloroacetic acid to the eluate 
obtained from the enzymatic experiments. After determination of the formalde- 
hyde in these eluates, carrier formaldehyde was added and precipitated as the dime- 
don derivative. The radioactivity values are calculated, assuming 100 per cent 
recovery of the added CH,O. In order to show that the enzyme preparation was 
active, an identical incubation was carried out in the absence of unlabeled formalde- 
hyde but with 20 wmoles of glycine added. 20,700 c.p.m. were incorporated into 
serine. 


The results shown in Table III demonstrate that the rate of incorpora- 
tion of free and bound formaldehyde into serine is approximately the 
same. If the bound formaldehyde is intermediate in the incorporation 
of formaldehyde into serine, one would expect that the rate of its incorpora- 
tion would be at least as fast as the rate at which free formaldehyde is 
incorporated. 

The possibility that the bound formaldehyde is converted to free formal- 
dehyde prior to its condensation with glycine has been investigated. 
Bound radioactive formaldehyde was incubated with pigeon liver extract 
supplemented with glycine in the presence of unlabeled formaldehyde. 
The specific activity of the serine formed was determined at various time 
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intervals as shown in Table IV. If all of the bound formaldehyde was 
released before incorporation into serine, the maximal specific activity of 
the serine would be 4600 c.p.m. per wmole. The decrease in the specific 
activity of the serine with time is presumed to result from the incorpora- 
tion of unlabeled formaldehyde into serine via free THFA. This experi- 
ment demonstrates that bound formaldehyde can be converted to the 
serine 6-carbon without being released from THIF A. 

Experiments on the ability of bound formaldehyde to support the 
growth of L. citrovorum have shown that it is 1/1300 as active as leucovorin 
on a molar basis. THIA under the same conditions was 1/2000 as active 


TaBLeE IIT 
Comparison of Rate of Serine Formation from Free and Bound Formaldehyde 


Total activity of serine 


Time 
From bound CH:0 _—*Frrom free CH:O 

min. c.p.m. | c.p.m 

0.5 2,000 1,700 
1.0 2,850 2,000 
2.0 4,300 3,600 
5.0 | 8,000 7,000 
8.0 10,900 10,400 


| 


Dowex 1-treated, dialyzed pigeon liver extract equivalent to 12 mg. of enzyme 
protein, 20 umoles of glycine, 7 umoles of THFA, and 3.4 wmoles of formaldehyde-C" 
(88,400 c.p.m.) were incubated in a total volume of 1 ml. at 34° in open test tubes in 
0.1 M potassium phosphate, pH 7.6. In the bound formaldehyde experiment, the 
THFA and formaldehyde were incubated together 5 minutes prior to addition to the 
enzyme and glycine. In the free formaldehyde experiment, the THFA was included 
with the enzyme and the glycine. The formaldehyde was added last. 


as the standard compound. The THFA-formaldehyde mixture did not 
inhibit the growth response of this organism to leucovorin. 

The extent of the conversion of bound formaldehyde-C"™ to serine 
B-carbon is shown in Table V. After prolonged incubation and the addi- 
tion of fresh enzyme, a maximum of 63 per cent of the added formalde- 
hyde was incorporated into serine. Most of the remainder of the added 
radioactivity could be recovered as free formaldehyde after acid treat- 
ment of the incubation mixture. Deodhar® has observed the conversion 
of 80 per cent of added formaldehyde to serine in an enzyme preparation 
extracted from rat liver mitochondria. These results indicate that, if 
50 per cent of the bound formaldehyde is associated with the p form of 


6 Deodhar, S. D., personal communication. 
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‘as TaBLe 1V 
of Specific Activity of Serine Formed from Bound Formaldehyde-C™ 
fic in Presence of Unlabeled Formaldehyde 
‘a- Incubation time | Specific activity of serine 
ri- 
he min | c.p.m. per wmole 
0.5 | 24,000 
1.0 23 ,000 
he 2.0 | 22,000 
in 5.0 | 15,000 
ve — — — 


Four solutions containing 39.5 wmoles of unlabeled Seomnabdsbardo. 98 umoles of 
glycine, 198 wmoles of potassium phosphate, pH 8, and Dowex 1-treated, dialyzed 
pigeon liver extract equivalent to 120 mg. of protein were incubated at 34° in 2 X 17 
cm. test tubes for 5 minutes in a total volume of 4 ml. During this time a THFA- 
ie C4H.O solution was prepared containing 8.5 wmoles of CHO (26,000 ¢.p.m. per 
umole), 16 wmoles of THFA, and 150 uwmoles of potassium phosphate, pH 8, per ml. 
I ml. of this mixture was pipetted into each of the enzyme solutions, and the incuba- 
tion was carried out for the appropriate time interval. Each incubation was ter- 
minated by freezing the mixture in a dry ice-Cellosolve bath. 3 ml. of 20 per cent 
trichloroacetic acid were then added, and the solution was thawed. Serine was iso- 
lated from the protein-free supernatant solution by chromatography on Dowex 50, 
and the serine was determined as described. The results shown are the average of 
two serine determinations. 


e TABLE V 
14 
s Extent of Conversion of Bound Formaldehyde-C™ to Serine 
: Incubation time Activity in serine Activity of recovered CH2O mn 
d min. c.p.m. | c.p.m. per cent 
30 | 50,000 | 40,000 96 
60 | 54,000 | 34,000 O4 
t 120 | 54,000 | 32,000 92 
120* | 58,000 | 22,600 87 
. | 60,000 | 19,800 85 
3 6 of formaldehy do- Cu (94, 000 ¢.p.m. 4 males of THE A, 20 pmoles of 
: glycine, 10 mg. of enzyme protein (24 to 47 per cent ammonium ouletn fraction of 
pigeon liver extract), and 1 wmole of pyridoxal phosphate were incubated under 


hydrogen in Thunberg tubes at 34°. The reaction was stopped by adding 1 ml. of 
20 per cent trichloroacetic acid solution. Unchanged formaldehyde-C"™ was iso- 
lated from the water wash of the Dowex 50 columns used to isolate serine from the 
protein-free supernatant solution as the dimedon derivative. 

* After incubation for 60 minutes, an additional 10 mg. of enzyme protein were 
added, and the incubation was continued for 60 more minutes. 

+t After incubation for 120 minutes, an additional 10 mg. of enzyme protein were 
added, and the incubation was continued for 60 more minutes. 
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THFA and 50 per cent with the L form, a pathway must exist for the 
conversion to serine of some of the formaldehyde bound to the unnatural 
form. ‘This could occur by a direct transfer of a formaldehyde unit from 
one of the forms of THFA to the other. A compound involving a methyl- 
ene bridge between the two isomers of THFA could be an intermediate 
in this process. The possibility that the biologically inactive form might 
release its formaldehyde, which could subsequently condense with the 
active isomer of THFA, has not been excluded. It is also possible that 
the active form of THF A is formed in a predominant amount in the reduc- 
tion of folic acid, or that both isomers are biologically active. 


+ THFA —> 2 + 


H20H CH2 H 
CHNH2 
OOH COOH 


Fic. 2. Suggested outline of the pathway of formaldehyde incorporation into 
serine. 


Paper chromatography at 3° of a mixture of formaldehyde-C™ and 
THFA on Whatman No. 1 filter paper, with 0.1 mM potassium phosphate 
at pH 8, as the solvent revealed two radioactive spots (Rr 0.27 and Rp 
0.41) containing approximately the same amount of radioactivity. It is 
possible that these represent diastereoisomers, since THFA contains a 
second asymmetric center in the t-glutamic acid moiety. Two radio- 
active peaks could also be obtained if a mixture of formaldehyde-C™ and 
THFA was chromatographed on Whatman standard grade cellulose with 
the same solvent. Only about 60 per cent of the added radioactivity was 
recovered in these two compounds. Further work is required to deter- 
mine the relationship of these two compounds to each other and to the 
two formaldehyde derivatives of THFA formed on the breakdown of 
serine in the rat liver system described by Deodhar e¢ al. (14). 

One might visualize the conversion of formaldehyde to serine as shown 
in Fig. 2. 


H 
Ne 
Ho 
H 
CH2NH2COOH 
He Ho H 
Yee 
2H 
2 
+ i, 
Cc 
¢ 
C 
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The first step would be the non-enzymatic condensation of formaldehyde 
with THFA to form a methylene bridge compound between positions 5 
and 10. This compound has been suggested (3) as a possible structure 
for the active formaldehyde derivative. The fact that both the 5 and 10 
nitrogen atoms must have free hydrogen atoms in order that tetrahydro- 
pteridine derivatives may retain their ability to bind formaldehyde sup- 
ports this suggestion. ‘The next step would be the condensation of this 
derivative with glycine which has been activated by the serine hydroxy- 
methylase (2) enzyme which possesses pyridoxal phosphate as its cofactor 
(15, 16). It is not known whether the formaldehyde remains bound to 
the THFA through the 5 or 10 nitrogen atom in the derivative thus formed. 
In either case, hydrolysis of this derivative would give rise to serine and 
the free pteridine. 

Recent work by Jaenicke (17) has indicated that a mixture of formalde- 
hyde and THFA is rapidly oxidized to 10-formy]-5 ,6,7 ,8-tetrahydrofolic 
acid by a pigeon liver system requiring triphosphopyridine nucleotide. 
It is likely that the active compound formed in the mixture is the same as 
the compound active for serine 6-carbon formation. 


The author is indebted to Dr. Warwick Sakami and Dr. Merton F. 
Utter for much helpful advice. 


SUMMARY 


It has been shown that formaldehyde reacts rapidly and non-enzymati- 
cally with 5,6,7,8-tetrahydrofolic acid to form one or more compounds 
which are active precursors of the B-carbon of serine. 

Both the 5 and 10 positions of the reduced pteridine appear to be involved 
in formaldehyde binding and serine formation. 

A modification of a published method of serine determination is described 
which makes this procedure as sensitive as that for formaldehyde. 


BIBLIOGRAPHY 


. Kisliuk, R. L., Federation Proc., 15, 298 (1956). 

. Kisliuk, R. L., and Sakami, W., J. Biol. Chem., 214, 47 (1955). 

. Blakley, R. L., Biochem. J., 58, 448 (1954). 

. Alexander, N., and Greenberg, D. M., J. Biol. Chem., 214, 821 (1955). 

. O'Dell, B. L., Vandenbelt, J. M., Bloom, E. S., and Pfiffner, J. J., J. Am. Chem. 
Soc., 69, 250 (1947). 

. Steyermark, A., Quantitative organic microanalysis, New York, 134 (1951). 

. Stadtman, E. R., and Kornberg, A., J. Biol. Chem., 203, 47 (1953). 

. Nash, T., Biochem. J., 55, 416 (1953). 

. Frisell, W. R., Meech, L. A., and Mackenzie, C. G., J. Biol. Chem., 207, 709 (1954). 

. Sauberlich, H. E., and Baumann, C. A., J. Biol. Chem., 176, 165 (1948). 

. Lowry, O. H., Rosebrough, N. J., Farr, A. L., and Randall, R. J., J. Biol. Chem., 
193, 265 (1951). 


OO & 


—= 


he 
ral 
yl- 
te 
ht 
he 
at 
C- 
e 
g 


814 FORMALDEHYDE INCORPORATION INTO SERINE 


12. Jacobson, W., and Good, P. W., Quart. J. Med., 21, 1 (1952). 

13. Kisliuk, R. L., Thesis, Western Reserve University (1956). 

14. Deodhar, 8. D., Sakami, W., and Stevens, A., Federation Proc., 14, 201 (1955). 
15. Deodhar, 8S. D., and Sakami, W., Federation Proc., 12, 195 (1953). 

16. Blakley, R. L., Biochem. J., 61, 315 (1955). 

17. Jaenicke, L., Federation Proc., 15, 281 (1956). 


| 


co 


Sra Swe 


B 
XUI 


BACTERIAL FERMENTATION OF NICOTINIC ACID 


I. END PRODUCTS 


By ISAAC HARARY* 


(From the Laboratory of Cellular Physiology, National Heart Institute, National 
Institutes of Health, Public Health Service, Bethesda, Maryland) 


(Received for publication, January 7, 1957) 


The ability of certain bacterial species to oxidize nicotinic acid was first 
reported by Allison (1) who used suspensions of bacteria isolated by Dubos 
and Miller (2). Koser and Baird (3) later isolated strains of Pseudomonas 
fluorescens which grew on a synthetic medium in which nicotinic acid was 
the sole carbon source. These strains did not attack isonicotinic acid, 
picolinic acid, or pyridine. Nichol and Michaelis (4) then demonstrated 
that the destruction of nicotinic acid by this organism was an oxidative 
process accompanied by an uptake of oxygen. Most recently Hughes (5), 
using the same organism, has presented evidence that 6-hydroxynicotinic 
acid is an intermediate in oxidative degradation of nicotinic acid. 

There has been no previous study of the degradation of nicotinic acid 
by anaerobic bacteria. By means of the enrichment culture technique an 
anaerobic spore-forming rod has been isolated which ferments nicotinic 
acid and which utilizes high concentrations of this compound for its growth. 
The dependence on a high concentration of nicotinic acid for anaerobic 
growth suggests that the compound may serve as an energy, carbon, or 
nitrogen source for growth. ‘This report presents evidence showing that 
the fermentation of nicotinic acid results in the formation of acetate, pro- 
pionate, ammonia, and COs. The anaerobic bacteria reported here may 
provide a system for the investigation of the mechanism of the direct uti- 
lization of the energy of nicotinic acid and of the nature of the intermedi- 
atesinvolved. <A preliminary report (6) of this study has been published. 


Materials and Methods 


Isolation Procedure—The nicotinic acid-degrading organism was iso- 
lated from mud of the Potomac River. A small amount of mud was sus- 
pended in 50 ml. of a solution containing 0.5 per cent nicotinic acid and 
0.03 per cent Na2S-9H.20 in a ground glass-stoppered bottle. Precautions 
were taken to exclude air. After 3 weeks incubation at 37° some tur- 
bidity was noted. The culture was mixed thoroughly and 5 ml. were 


* Present address, Radioisotope Service, Veterans Administration Hospital, Long 
Beach, California. 
Fellow of the American Cancer Society. 


815 


816 FERMENTATION OF NICOTINIC ACID. I 


transferred to a solution of 0.5 per cent nicotinic acid, 0.03 per cent NaS-- 
9H2O, 0.2 per cent peptone, 0.2 per cent yeast extract, 0.05 m phosphate 
buffer at pH 7.4, and a salt solution made up of 0.002 per cent MgSO,-- 
7H20, 0.0001 per cent CaCl,-2H2O, and 0.0001 per cent FeCl3;-7H:O. The 
mixture was incubated at 37° until maximal turbidity was reached, at 
which time 50 to 80 per cent of the nicotinic acid had disappeared. A 
culture was obtained after three serial transfers in the above medium which 
was relatively free of impurities from the mud. The utilization of nico- 
tinic acid was followed by noting the disappearance of absorption charac- 
teristic of nicotinic acid at 260 my. By means of dilution in anaerobic 
agar shake cultures several colonies were isolated. 

Preparation of Cells—The bacteria were grown in 20 liter bottles in 
media containing 0.4 per cent nicotinic acid, 0.2 per cent peptone, 0.6 per 
cent yeast extract, 0.05 m phosphate buffer at pH 7.4, the salt solution 
previously described, and 700 mg. of Na2S.O,. After incubation at 37° 
for 3 days the cells were harvested in a Sharples centrifuge and washed 
twice with 10 volumes of ice-cold, 0.03 per cent Na2S-9H.2O and then ly- 
ophilized and stored at —15°. Cell suspensions were prepared with 100 
mg. of bacteria per ml. of ice-cold distilled H2O. 

Growth Characteristics—The ability of this organism to grow on varying 
concentrations of nutrient was determined by measuring with a Klett 
colorimeter the density of growing cultures at various time periods. 

Separation and Identification of Acid Products—The volatile acids pro- 
duced during growth and during incubation with resting cell suspensions 
were separated from the acidified reaction mixture by steam distillation in 
a Markham type still (7). An aliquot was titrated and chromatographed 
on Whatman No. 3 filter paper, washed with oxalic acid, and developed 
with butanol-H,O-diethylamine (100:15:1) (8). 

The per cent of each acid in the acid mixture was also determined by 
Duclaux distillation. Further identification was achieved by separation 
of the acid mixture on a silica gel column according to the method of Els- 
den (9). The separated acids were chromatographed on paper and also 
determined by Duclaux distillation. Acetic acid was also identified as the 
sodium uranyl salt (10). 

Nicotinic acid was determined by the method of Hughes and William- 
son (11) and ammonia by nesslerization. 


Results 


Colony Form and Morphology—Of the colonies isolated from the an- 
aerobic shake culture one contained a pure culture of an anaerobic bac- 
terium that could degrade nicotinic acid. This organism produced small, 
disk-shaped, smooth, translucent, and colorless colonies. The bacterium 
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is a small motile rod containing terminal spores and thus belongs in the 
genus Clostridium. No further identification has been made. 

Growth Requirements—-The composition with respect to peptone and 
yeast extract was varied as shown in Table I. Within the limits of con- 
centrations used 0.2 per cent peptone and 0.6 per cent yeast extract gave 
the best growth and this level was chosen for large scale preparations. 
Casein hydrolysate would not serve as a substitute for peptone and the 
effect of yeast extract could not be reproduced by a vitamin mixture con- 
taining 10 y each, per ml. of medium, of biotin, calcium pantothenate, 
pyridoxamine, folic acid, vitamins A and D, thiamine, tocopherol, inositol, 


TABLE I 
Optimal Concentration of Yeast Extract and Peptone for Growth 


The medium otherwise contains 0.03 per cent Na2S-9H:0, 0.05 m phosphate buffer, 
0.5 per cent nicotinic acid, and 1 per cent of a salt solution made up of 0.002 per cent 
MgSO,-7H.0, 0.0001 per cent CaCl,-2H,0, and 0.0001 per cent FeCl;-7H.0. 


Peptone, final concentration Yeast extract, final concentration Growth after 96 hrs., density 
per cent per cent Klett reading 

0.2 25 
0.4 25 
0.6 47 
0.2 0.2 47 
0.4 0.2 71 
0.6 0.2 68 
0.2 0.4 97 
0.2 0.6 141 

0.2 33 

0.4 32 

0.6 99 


riboflavin, p-aminobenzoic acid, nicotinamide, and ascorbic acid. The 
high level of yeast extract used indicates that the factor responsible may 
be acting as a substrate. A preliminary examination of other possible 
substrates for this bacteria showed that glucose is by far the most effective 
compound for its growth, yielding 2 to 3 times more bacteria than does 
nicotinic acid. Pyruvic acid and nicotinamide achieved the same growth 
response as nicotinic acid, while pL-alanine, 6-alanine, picolinic acid, iso- 
nicotinic acid, and N-methylnicotinamide were ineffective. The ability of 
glucose to support growth suggests the possibility that the ability to de- 
grade nicotinic acid is adaptive and this point is now under investigation. 

By using 0.6 per cent yeast extract and 0.2 per cent peptone, which had 
been determined as the best concentrations for growth in the presence of 
nicotinic acid, the concentration of nicotinic acid was varied. As indi- 
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cated in Fig. 1 there was no growth in the absence of nicotinic acid. There 
is Increasing growth with increasing concentrations of nicotinic acid reach- 
ing a maximum at 0.4 per cent. 

End Products—In a 2 liter growing culture incubated for 7 days at 37° 
it was found that 156 umoles of nicotinic acid had disappeared and 360 
umoles of steam-volatile acid were formed. For each acid equivalent of 
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Fic. 1. The effect of nicotinic acid on anaerobic growth as measured by the density 
of the cultures. 


nicotinic acid disappearing, approximately 2 acid equivalents of steam- 
volatile acid were thus formed. 

With resting cell suspensions nicotinic acid is fermented without yeast 
extract, peptone, or the salt mixture. As shown in Table II, when nico- 
tinic acid is incubated with a resting cell suspension in a bicarbonate buffer 
system with 95 per cent nitrogen-5 per cent CO: as the gas phase (pH 7.4), 
1 mole each of propionic acid, acetic acid, and ammonia is formed for each 
mole of nicotinic acid that disappears. There is also a net formation of | 
mole of acid per mole of nicotinic acid fermented, as measured by the evo- 
lution of CO, from the bicarbonate buffer (see also the data of Table II]). 
Since the conversion of nicotinic acid to acetic acid, propionic acid, and 
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ammonia should not lead to the observed net increase in acidity, an addi- 
tional acid product must be formed. This product has been identified as 
CO,.. The data of Table IV show that the fermentation of nicotinic acid 


TABLE II 
End Products of Nicotinic Acid Fermentation 
Compound 
umoles 
Nicotinic acid disappeared........................... 131 
109 


The incubation flask contained 131 wmoles of nicotinic acid, 0.025 m KHCO;, 
5.6 ml. of bacterial suspension (30 mg. per ml.), and water to a volume of 28 ml. 
Incubated in an atmosphere of 5 per cent CO2-95 per cent nitrogen, at 36°, until gas 
production ceased. Nicotinic acid was determined by the cyanogen bromide method 
(11), ammonia by nesslerization, propionic and acetic acids by Duclaux distillation, 
silica gel separation, and identified by paper chromatography, and acid production 
was measured by CO, release from bicarbonate buffer. All values corrected for 
endogenous metabolism. 

* A total of 345 umoles of steam-volatile acids, composed of acetic and propionic 
acids, was produced. A comparable cell suspension incubated without nicotinic 
acid produced 128 umoles of acetic acid. 

+t The endogenous production of net acid was 37 umoles. 


TABLE III 
CO. Production 


The additions are as follows: 20 mg. of washed cell suspension, 200 umoles of buffer, 
pH 6.0, nicotinic acid as indicated, H.O to 2 ml. final volume. Gas N.2; temperature 
26°. Reaction started with the tipping of the bacteria and continued to cessation of 
gas production. In a comparable vessel incubated without nicotinic acid 3.0 umoles 
of CO. were formed. Figures given corrected for endogenous metabolism. 


Nicotinic acid added CO: produced 
pumoles pmoles 
0.94 0.82 
1.89 1.65 
3.76 3.25 


in a bicarbonate-free medium (pH 6.0) results in the release of 1 mole of 
CO. per mole of nicotinic acid added. 

The results of the above experiment may be formulated according to 
the following equation: 


(1) 4H,O + CsHs.NCOOH — NH; + CO: + CH;COOH + CH;CH:COOH 
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Specificity—Various compounds related structurally to nicotinic acid 
were tested for acid production activity. Pyridine, picolinic acid, iso- 
nicotinic acid, quinolinic acid, isocinchomeronic acid, anthranilic acid, 
p-aminobenzoic acid, 3-hydroxyanthranilic acid, kynurenic acid, and 
N-methylnicotinamide were inactive. Nicotinamide, on the other hand, 
was found to be as active as nicotinic acid. 


TaBLeE IV 
Acid Production 

The additions are as follows: 20 mg. of washed cell suspension, 50 umoles 
of KHCOs, nicotinic acid as indicated, H.O to 2 ml. final volume. Gas 5 per cent 
CO: in Ne; temperature 26°. Reaction started with the tipping of the bacteria and 
continued to cessation of gas production. In a comparable vessel incubated without 
nicotinic acid 1.6 wmoles of acid were formed. Figures given corrected for endoge- 
nous metabolism. 


Nicotinic acid added Acid produced 
pumoles umoles COz 
0.94 0.94 
1.89 1.88 
3.76 3.20 
5.65 4.70 
7.50 6.15 
DISCUSSION 


The role nicotinic acid plays in the growth of the organism isolated is 
open to speculation. The high concentration needed for maximal growth 
points to its role as a substrate serving as an energy, carbon, or nitrogen 
source for growth. The possibility exists that a series of intermediate 
oxidation-reduction reactions takes part in the process. This would most 
certainly be the case, if as seems possible, the organism derives energy for 
growth from this fermentation. 

Very little may be said about the steps in the degradation from a con- 
sideration of the end products; however, if one assumes that these com- 
pounds are not reformed from smaller components, the products place a 
limit on the possibilities. The observation that pyridine will not act as a 
substrate indicates that the decarboxylation of nicotinic acid is not the 
first step. 

On the basis of these facts and other known reactions, two routes for the 
degradation of nicotinic acid may be postulated as shown in Fig. 2. 

One may postulate, as in Route A, a cleavage between the nitrogen atom 
and carbon 2 or 6 and between carbon atoms 3 and 4 to yield intermediates 
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that may be directly converted to propionic and malonic acids; malonic 


- acid may then be decarboxylated to acetic acid and CO, (12). A cleavage 

4 between the nitrogen atom and carbon atom 2 or 6 and between carbon 

- atoms 4 and 5 would yield compounds which could be converted to acetic 

e and methylmalonic acids. Methylmalonic acid is known to be decar- 

4 boxylated to propionic acid and CO, in other organisms (13). Evidence 
is presented elsewhere which suggests the intermediary formation of 6-hy- 
droxynicotinic acid in the degradation of nicotinic acid (14). This is fur- 
ther support for the hypothetical cleavage between the nitrogen atom and 
carbon 6. 

les The specificity studies show that only nicotinic acid and nicotinamide 


ent — are active in supporting growth of this organism. That the latter com- 
pound is active suggests the presence of an enzyme which hydrolyzes nico- 


73 
-CH -Coox + cloon-CH H=C OOH 


B A 


\c*OOH 
Fig. 2. Possible routes of nicotinic acid degradation 


is tinamide to nicotinic acid and ammonia. None of the intermediates, such 
th as kynurenic, anthranilic, 5-hydroxyanthranilic, and quinolinic acids, 
en which have been shown to give rise to nicotinic acid in mammalian tissue, 
te is fermented. 


st 
or SUMMARY 
An anaerobic bacterium has been isolated from the soil which ferments 
n- nicotinic acid to propionic acid, acetic acid, carbon dioxide, and ammonia. 
n- 
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BACTERIAL FERMENTATION OF NICOTINIC ACID* 


Il. ANAEROBIC REVERSIBLE HYDROXYLATION OF NICOTINIC ACID 
TO 6-HYDROXYNICOTINIC ACID 


By ISAAC HARARY 


(From the Radioisotope Service, Veterans Administration Hospital, Long Beach, and 
the Department of Physiological Chemistry, University of California Medical 
Center, Los Angeles, California) 


(Received for publication, January 7, 1957) 


As previously reported (1-3), an anaerobic bacterium has been isolated 
from soil which ferments nicotinic acid (NA) according to the following 
equation : 


1) + CsH4aNCOOH — CH;COOH + CH;CH2COOH + + NH; 


Although the over-all reaction requires no external energy source, the 
nature of the end products indicates that at least two oxidation-reduction 
steps occur during the reaction. It was of interest, therefore, to test the 
effect of an oxidizing agent on the fermentation of NA. One may in this 
manner force the accumulation of a more oxidized compound which may 
be an intermediate in the fermentation or may be derived from an inter- 
mediate. The oxidation of NA by methylene blue to 6-hydroxynicotinic 
acid (HINA), catalyzed by a nicotinic acid-fermenting organism, is the 
subject of this report. 


EXPERIMENTAL 


Methylene blue oxidations were performed in Thunberg tubes contain- 
ing methylene blue and nicotinic acid in the side arm and bacteria and 
buffer in the main space. Before tipping, the tubes were kept in an ice 
bath and evacuated for 5 minutes with frequent tapping to release trapped 
air. The reaction was started with tipping in of the methylene blue and 
the substrate and terminated, after complete decolorization, by boiling the 
reaction mixture for 5 minutes. The same procedure, except for the omis- 
sion of methylene blue, was carried out in the fermentation experiments. 
In this case the incubation time was fixed at 1 hour. 

Analytical Methods—The supernatant fluid of the reaction mixture was 
used directly for chromatography. For the radioisotope experiments 0.1 
ml. of the supernatant fluid was streaked on washed Whatman No. 3 paper 
and chromatographed in a mixture of methyl ethyl ketone, tert-butanol, 


* Supported in part by Research Grant E-1457 from the National Heart Institute, 
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diethylamine, and H,O (40:40:1:20). The radioactive bands were eluted 
with 0.05 n NaOH. The eluates were collected and adjusted to a final 
volume of 2 ml. Aliquots were used for determination of concentration 
in the Beckman spectrophotometer and for radioisotope determination. 
A small blank from the paper was used for correction in the determination 
of the concentration. 

Determination of the stoichiometry of this reaction was made possible by 
the quantitative elution of the acids from the paper chromatograms and 
the determination of their concentrations from their absorption at 260 
my. The absorption coefficient of NA and HNA at 260 my in 1 N HCl is, 
respectively, 5.2 X 10* and 1.26 X 104. The absorption coefficient of 
methylene blue at 660 my at pH 3.5 is 7.4 X 10! (4). 

Radioisotope Determination—Disks of paper weighing 2 mg. per cm: 
were centered in metal planchets to which was added 0.1 ml. of 0.1 per 
cent agar solution. After drying under infrared lamps, no more than 0.05 
ml. of the sample to be counted was introduced on the paper at one time 
and then dried. They were counted with a thin window Geiger-Miiller 
tube. A correction factor for the weight of paper and sample was used 
according to Libby (5). 

Ion Exchange Chromatography—HNA and NA were also separated by 
ion exchange chromatography with IRA-400 in a column 30 cm. long by 
1.3 cm. in diameter. The resin was prepared by cycling with 2 Nn NaOH 
and 2 n HC! until the absorption at 260 my reached a minimal constant 
value, washed with 2 n sodium formate until the eluates were free of chlo- 
ride ion, and then washed with 200 ml. of distilled H:O. The sample 
containing neutralized NA and HNA was introduced in 10 ml. of H,0, 
washed through with 100 ml. of H.O, and developed with 0.28 m sodium 
formate made alkaline to pH 10.5. Fractions of 10 ml. each were col- 
lected at the rate of 1 ml. a minute until all the NA was eluted. After 
the elution of NA several more fractions were collected and then the de- 
veloping solution was changed to 2 Nn formic acid for elution of the HNA. 
The concentration of the acids was determined by their absorption at 260 
mu. NA was easily differentiated from HNA by the fact that HNA has 
a high absorption at 290 my and NA has little. The fractions containing 
NA and HNA were pooled separately, acidified with H.SO,, and steam- 
distilled to remove the formic acid. Each sample was then extracted with 
ether, evaporated to dryness, and taken up in H.O. 

Materials—Radioactive nicotinic acid was a gift from Alan H. Mehler. 
6-Hydroxynicotinic acid was obtained from H. Light Company, Ltd., Lon- 
don. 
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Results 


Methylene Blue Oxidation of Nicotinic Acid—10 pmoles of NA were incu- 
bated with 10 wmoles of methylene blue, 40 mg. of lyophilized bacteria 
suspended in 0.03 per cent Na2S-9H:O, and 300 umoles of potassium phos- 
phate buffer, pH 7.4, in vacuo, at 25° in a Thunberg tube. Within 2 hours 
all of the methylene blue was decolorized. After inactivation of the bac- 
teria, and centrifugation, an aliquot of the supernatant fluid of the reaction 
mixture was chromatographed on paper with water-saturated butanol and 
formic acid (95:5) as the developing solvent. The ultraviolet-absorbing 
spot corresponding to NA, Ry = 0.80, disappeared and a new spot with 
an Ry of 0.70 appeared, indicating that NA had been transformed to a 
new compound by the action of methylene blue, catalyzed by the bacteria. 
The new spot was eluted from the paper and the ultraviolet absorption 
spectrum proved to correspond to the spectrum of 6-hydroxynicotinic acid 
which has been shown by Hughes (6) to be a metabolite in Pseudomonas 
fluorescens. 

A larger scale experiment with 2.5 gm. of lyophilized bacteria and 0.5 
mmole of NA was set up. The supernatant fluid was concentrated in 
vacuo to a small volume, then streaked on solvent- and alkali-washed What- 
man No. 3 paper, and chromatographed with a mixture of methyl ethyl 
ketone, tert-butanol, diethylamine, and H,O (40:40:1:20) as the develop- 
ing solvent. The band corresponding to HNA was eluted, neutralized, 
and evaporated in vacuo to dryness. The residue was dissolved in a small 
volume of hot distilled H2O and a small amount of Norit was added. After 
filtration the HNA crystallized upon cooling. The material was crystal- 
lized three more times and yielded 20 mg. of crystals that melted at 308- 
309° (uncorrected). Authentic HNA also melted at 308-309° (uncor- 
rected) and a mixed melting point of the experimental and authentic 
sample showed no melting point depression. ‘The absorption spectrum of 
the experimental sample was directly superimposable on that of an authen- 
tic sample over most of the range (Fig. 1). 

Oxidation of C'*-Carboxryl-Labeled NA—To establish conclusively that 
the HNA isolated from the bacteria was formed from NA oxidation, C'- 
carboxyl-labeled NA was incubated with two concentrations of methylene 
blue. In Table I it may be seen that radioactive HNA was formed in both 
experiments and, within experimental error, had the same specific radio- 
activity as the starting NA. 

Stoichiometry—In order to determine the stoichiometry of the reaction, 
5.1 umoles of NA were incubated with 1.87 umoles of methylene blue and 
40 mg. of bacteria. After complete decolorization of the methylene blue 
it was found that 3.4 umoles of NA remained and 2.01 umoles of HNA were 
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formed. These results and those for Experiment 2 in Table I demon- 
strate a stoichiometric conversion of the reactants to the products. Thus 
the reaction may be formulated by the following equation: 


(2) HO + nicotinic acid + methylene blue — 
6-hydroxynicotinic acid + reduced methylene blue 


0.8: 

+ AUTHENTIC 
@ EXPERIMENTAL 
0.4: 


OPTICAL DENSITY 


200 220 240 260 280 300 320 340 
WAVE LENGTH (my) 
Fic. 1. Absorption spectrum of 6-hydroxynicotinic acid in 1 N HCl 


TABLE I 
Oxidation of Radioactive Nicotinic Acid 


The additions are as follows: 5.1 wmoles of nicotinic acid (specific activity = 774 
c.p.m. per 7), 300 umoles of potassium phosphate buffer, pH 7.4, 40 mg. of bacteria, 
methylene blue 3.74 wmoles in Experiment 2 and 1.87 wmoles in Experiment 3. Final 
volume = 3.0 ml.; temperature = 25°. Reaction started with tipping in of methyl- 
ene blue and substrates and terminated, at completion of decolorization of methyl- 
ene blue, by boiling for 5 minutes. 


|Experiment 1 Experiment 2 | Experiment 3 


NA (5.1)° NA (1.3)* | HNA (3.6)* | NA (3.4)* | HNA (2.01)° 


C.p.m. p.m. C.p.m. p.m. c.p.m. 
p.m. per p.m. per | C.p.m. per p.m. per 


umole umole umole umole 


Specific activity............. 96 , 500 94,700 97 ,000 98 , 000 88 , 000 


* Micromoles at the end. 


Formation of HNA during Fermentation—It was of interest to determine 
whether, during the fermentation of NA, formation of HNA could be de- 
tected. An experiment was performed with C'-carboxyl-labeled NA in 
the absence of methylene blue. The conditions and the results are listed 
in Table II. Experiment 1, Table II, was a zero time control in which all 
additions were made and the reaction mixture was immediately inactivated 


Xt 


10N- 


blue 
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by boiling for 5 minutes. It was then incubated at the same temperature 
and for the same length of time as the other experiments. In Experi- 
ment 2, in which only radioactive NA was added initially, a small amount 
of labeled HNA was formed. In Experiment 3, in which both labeled 
NAjand unlabeled HNA were incubated together, the reisolated acids had al- 
most equal specific radioactivities. The presence of unlabeled HNA dur- 
ing the incubation increased the amount of labeled HNA formed and led 
to a lowering of the specific radioactivity of NA. These results may be 
explained by assuming that the conversion of NA to HNA is reversible. 
Unlabeled HNA may act as an oxidizing agent forming, from radioactive 
NA, radioactive HNA. In turn the non-radioactive HNA may be re 


TaBLeE II 
Oxidation of NA to HNA during Fermentation of NA 


The additions are as follows: 2 umoles of NA (specific activity = 600 c.p.m. per 
7), 5umoles of HNA as indicated, 300 wmoles of potassium phosphate buffer, pH 7.4, 
40 mg. of bacteria. Experiment 1 is acomplete system inactivated at zerotime. Ex- 
periment 2 contained NA during incubation and HNA added after inactivation. 
Experiment 3 contained both NA and HNA during incubation. Final volume = 
3.0 ml.; temperature = 25°; incubation time = 1 hour. Reaction started with - 
ping in of substrates: and ended with boiling for 5 minutes. 


Experiment 1 | Experiment 2 Experiment 3 
NA HINA NA HNA NA HNA 
c.p.m. C.p.m. per EC. p.m. per c. p.m. per p.m. per 
per umole umole | umole umole umole 
| 


Specific activity....2.8 K 0 1.75 10°1.45 X 26 10%6. 3 10° 


duced to non-radioactive NA, thus reducing the specific radioactivity of 
the NA. It may be readily perceived that under these conditions the 
concentration of HNA and NA would not be altered despite the change 
in concentration of labeled compounds. With this bacterial preparation 
very little fermentation occurred and the concentration of the acids did 
not appreciably change. 

Radioactive NA and HNA from these experiments were chromato- 
graphed in eight different solvent systems and the position of the experi- 
mentally produced INA was found to correspond to that of an authentic 
sample (Table II]). The radioactivity, determined by cutting the paper 
chromatograms into | em. strips and counting them with an ultrathin 
window Geiger-Miiller tube, was directly superimposable on the ultra- 
violet-absorbing spots. No radioactivity or ultraviolet-absorbing spots 
were found anywhere else on the paper. A radioautograph demonstrated 
the same results (Fig. 2). 
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TaB_e III 
Chromatographic Identification of Oxidation Product of Nicotinic Acid 


Solvent No. 
0.80 0.80 | 0.48 0.77 | 0.58 | 0.65 0.74 
0.70 0. 73 | 0.34 0.58 | 0.36 | 0.89 0.77 
“ “radioactive product... 0.70 0.25 0.72 0.33 0.58 | 0.34 | 0.90 | 0.77 


The solvent systems are as follows: Solvent 1, water-saturated n-butanol, formic 
acid (95:5); Solvent 2, methyl ethyl ketene, tert-butanol, HO, diethylamine 
(40:40:20:1); Solvent 3, n-butanol, glacial acetic acid, H2O (50:25:25); Solvent 4, 
acetone, H,O (80:20); Solvent 5, methyl ethyl ketone, propionic acid, H2O (75:25:30); 
Solvent 6, methyl ethyl ketone, fert-butanol, H2O, NH,OH (40:30:20:10); Solvent 7, 
isopropanol, H.O, concentrated HC] (65:18.4:16.4); Solvent 8, lert-butanol, methy! 
ethyl ketone, H.O, formie acid (40:30:15:15). 


Rf 
1.0 


EXP # | #3 


Fic. 2. The conversion of HNA to NA. Radioautographs of Experiments 1 and 
3 of Table ILL. Solvent system, methyl ethyl ketone, fert-butanol, diethylamine, 
H.O (40:40:1:20). 
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Formation of NA from HNA—Radioactive HNA was isolated from the 
previous experiments and used to demonstrate the reversibility of the reac- 
tion. In Table IV are the results of such an experiment. Experiment 1 
was a zero time control and contained both radioactive HNA and unla- 
beled NA. Experiment 2 contained only labeled HNA. Experiment 3 
contained labeled HNA and unlabeled NA during the incubation period. 
The formation of NA from HNA demonstrates the reversal of the reac- 
tion. Only in Experiment 3 was there appreciable formation of radio- 
active NA, indicating that NA was necessary for the reaction to proceed. 
Here, too, there was no appreciable change in the concentration of reac- 
tants. In order to check the results of the paper chromatographic separa- 


TABLE IV 
Reduction of HNA to NA 


The additions are as follows: 2 umoles of HNA (specific activity 1.56 K 105 ¢.p.m. 
per umole), 2 umoles of NA, 300 uwmoles of potassium phosphate buffer, pH 7.4, 40 
mg. of bacteria. Experiment 1 is acompletesystem inactivated at zerotime by boiling 
for 5 minutes. Experiment 2 contained HNA during incubation and NA added 
after inactivation. Experiment 3 contained both HNA and NA during incubation. 
Final volume = 3.0 ml.; temperature = 25°; incubation time = 1 hour. Reaction 
started with tipping in of substrates and ended with boiling for 5 minutes. 


Experiment 1 Experiment 2 Experiment 3 


HNA | NA HNA NA o-HNA NA 
c.p.m. per “her. C.p.m. per c.p.m. per | C.p.m. per | ¢.p.m. per 
| 


pmole umole umole umole 


mo 
Specific activity.... 1.56 X 10° 0 1.31 X 10° 5.56 x 10°6.4 x 104 


6.3 X 104 


tion and elution, NA and HNA of Experiment 3, Table IV, were separated 
by an IRA-400 column. Fractions 64 to 104 contained NA and Fractions 
151 to 175 contained HNA. ‘These were pooled separately, acidified, and 
steam-distilled. The specific activity of NA from the column was 6.0 X 
10‘ ¢.p.m. per ymole and of HNA was 6.1 X 104 c.p.m. per umole, values 
which are in agreement with the results obtained previously. 

The reaction discussed may be formulated by the following equation: 


(3) H.O + nicotinic acid = 6-hydroxynicotinic acid + 2H 


Extraction of Hydroxylating Enzyme—-A water-soluble extract contain- 
ing the nicotinic acid-hydroxylating enzyme may be prepared by sonic 
disintegration of the bacteria in 10 volumes of ice-cold 0.03 per cent Na2S-- 
9H.O solution. 

These extracts had no activity as measured by the methylene blue reduc- 
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tion test except when cysteine was present. Studies of the properties and 
kinetics of the enzymatic reaction are in progress. 


DISCUSSION 


The present interest in hydroxylation of aromatic and non-aromatic 
ring compounds stems from the importance of these reactions in the me- 
tabolism of such physiologically important compounds as the steroids, 
tryptophan and tyrosine. In most of these, molecular oxygen seems to 
be the source of oxygen in the hydroxyl group. This is also true of the 
hydroxylation of nicotinic acid in Pseudomonas as described by Hughes 
(6). One possible example of anaerobic hydroxylation was indicated by 
the decolorization of methylene blue by a variety of quinoline derivatives 
by liver enzymes as reported by Knox (7). Since the bacterial hydroxyla- 
tion of NA is an example of an anaerobic hydroxylation of an aromatic 
ring, the source of oxygen of the hydroxyl group is probably water. The 
mechanism of this reaction no doubt differs from that of the aerobic hy- 
droxylations, although some aspects may be held in common. 

The pyridine ring presents certain special problems. It is an aromatic 
structure having resonance stability of the same order as benzene; how- 
ever, in terms of reactivity it has been found that the 3, or 6, position 
has typical aromatic properties but that cf 4, and 6 positions have 
anomalous behavior. Because of the electrof attraction of the nitrogen 
atom the electron density in the 2, 4, and 6 positions is reduced. In 
nicotinic acid the situation is enhanced by the presence of the carboxyl 
group. Both the nitrogen atom and the carboxyl group increase the reac- 
tivity of the 2, 4, and 6 positions with regard to a negatively charged hy- 
droxy] ion. 

As an example of this, N-methylpyridium hydroxide may be oxidized 
by potassium ferricyanide to the N-methylpyridone. This indicates the 
addition of the hydroxyl group to the 2 carbon of the ring to form the in- 
termediate N-methyl-2-hydroxy-1 ,2-dihydropyridine and subsequent de- 
hydrogenation to the pyridone (8). The enzymatic reaction may proceed 
in a similar fashion. 

If HNA is an intermediate in the fermentation of NA, it is probable that 
the cleavage of the ring occurs between the carbon in the 6 position and 
the nitrogen group. One of the major mechanisms for cleavage of a ring 
of carbon atoms appears to involve, as a first step, the hydroxylation of 
adjacent carbon atoms. The formation of the 6-pyridone, however, per- 
mits the possibility of a cleavage between the carbon and nitrogen atoms, 
thus obviating the need for further hydroxylation. 


und 
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SUMMARY 


The anaerobic bacteria which ferment nicotinic acid to acetic and pro- 
pionic acids, CO, and NH; catalyze the reversible anaerobic oxidation of 
nicotinic acid to 6-hydroxynicotinic acid. 
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The purine analogue, 6-mercaptopurine (6-MP) (1), has been the sub- 
ject of considerable study, but the mechanisms of its actions are still not 
clear. ‘This drug inhibits the proliferation of acute and chronic myelocytic 
leucemias (2) and the growth of bacteria (3). It interferes with the utiliza- 
tion of formate for nucleic acid synthesis (4) and suppresses the formation 
of adaptive enzymes (5). However, it has not been shown whether the 
various biochemical effects of the drug could be observed in a single species, 
or whether the biochemical effects reflected one or many sites for the drug’s 
action. Therefore, a systematic study of the effects of 6-MP on the bio- 
synthesis in Escherichia coli B was undertaken. This strain of bacteria 
has been the subject of extensive biochemical investigations (6). 

A preliminary report on the results of these experiments has been pre- 
sented (7). 


Materials 


6-MP was obtained from Burroughs Wellcome and Company, Tuckahoe, 
New York, courtesy of Dr. G. H. Hitchings. Aliquots of solutions of 
6-MP (1 mg. per ml.) in 0.1 per cent Na2sCO; were added to bacterial cul- 
tures as required. Unless otherwise specified, the concentration of the 
drug in the medium was 10 y per ml. Radioactive sulfate and phosphate 
were obtained from the Atomic Energy Commission at Oak Ridge, Tennes- 
see. C'4-Formate and C'4-formaldehyde were purchased from the Isotopes 
Specialties Company, Inc., Glendale, California, and 1-C'*4-acetate from 
Tracerlab, Ine., Boston, Massachusetts. 8-C'*-Adenine and 2-C'*-uracil 
were products synthesized as described previously (8, 9). Glucose-salts 
media as described by Roberts et al. (6) were used for culturing the bac- 
teria. FE. coli B (ATCC 11303) was obtained from the American Type 
Culture Collection, Washington, D.C. 


Methods 


Growth of Bacteria—E. coli cells were grown in 500 ml. polyethylene 
bottles and aerated by mechanical shaking at 37°. Exponentially growing 
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cultures were sampled through a spout into cuvettes of a Beckman model 
DU spectrophotometer merely by squeezing the flexible bottles. Bacterial 
growth was represented by the increase in optical density at 650 my (Ap), 
z.e. the difference between the measured optical density (p) and that at 
the beginning of the experiment (po). Viable bacterial counts of normal 
and 6-mercaptopurine-inhibited cultures compared at selected optical 
densities showed no differences between the two cultures, justifying the 
use of optical density measurements as criteria of growth (10). When 
required, aliquots were withdrawn from the Beckman cells and further 
analyzed. 

Chemical Fractionation—Bacteria were harvested and washed in the 
centrifuge and fractionated by a modification (6) of the Schneider (11) 
procedure. 

When chemical estimations of the bacterial nucleic acid content were 
required, the cells were extracted successively with cold 5 per cent tri- 
chloroacetic acid (TCA), 80 per cent ethanol, and boiling 10 per cent NaCl 
(12) for 30 minutes to release nucleic acids. The absorption of light at 
260 mu by the 10 per cent NaCl extract was taken as a measure of the 
nucleic acid content. 

Kinetic studies of the utilization of labeled compounds were made by 
using the technique developed by Britten, Roberts, and French (13). 
Bacterial samples were withdrawn at intervals, and the optical density 
was measured. 2 ml. of each sample were added to an equal volume of 
TCA at room temperature, and the resulting suspension was filtered through 
Schleicher and Schuell membrane filters and washed with 5 ml. of 5 per 
cent TCA. After drying, the filters were assayed for radioactivity. 

Radioactivity M easurements—All radioactivity determinations were made 
with a thin mica, end window counter, by using the procedures previously 


described (6). 


Results 


Effect of 6-MP on Bacterial Growth—Fig. 1 shows the growth curves of a 
control culture of /. coli (Curve A) and a parallel culture treated with 
10 y of 6-MP per ml. (Curve E). 6-MP decreased the growth rate of the 
bacteria within a few minutes after its addition to the cultures. 

Since vitamins and coenzymes are known to promote the growth of 
bacteria or to interfere competitively with growth inhibition brought on 
by drug treatment (14), a number of substances and mixtures were tested 
for their ability to reverse the inhibitory effect of 6-MP. Coenzyme A, 
folie acid, biotin, niacin, riboflavin, a mixture of the B vitamins, adenosine 
triphosphate, thiamine, pyridoxine, vitamin By, glutathione, casein hydrol- 
ysate, a mixture of diphosphopyridine nucleotide, asparagine, and gluta- 
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mine; carbamyl phosphate, and uracil were without effect upon the growth 
curves of 6-MP-inhibited bacteria. 

Hypoxanthine, adenine, or guanine added to cultures of 6-M P-inhibited 
bacteria restored the growth rate to that of the control cultures. The 
effect of adenine on the growth rates of 6-MP-inhibited cultures is also 
shown in Fig. 1. The simultaneous addition of adenine and 6-MP to a 
bacterial culture prevented the inhibitory effect of the latter compound. 
If the cells were allowed to grow for 10, 30, or 60 minutes in the presence 
of the drug and were then treated with adenine, reversal of inhibition took 


A A 
At 6MP(B) B 

| D 
(C) | 
4080 120 180 
MINUTES MINUTES 
Fic. 1 Fia. 2 


Fic. 1. Inhibition of bacterial growth by 6-MP and reversal of growth inhibition 
with adenine. Curve A, no 6-MP; Curves B, C, and D, 6-MP added at 0 minute, 
adenine added at 10, 30, and 60 minutes, respectively; Curve IE, 6-MP added at 0 
minute, noadenine. pipo = ratio of optical density at any time to the optical density 
at 0 minute. 

Fic. 2. 6-MP inhibition of bacterial growth during adaptation to lactose. 10 
mg. of glucose and 20 mg. of lactose added to cultures of Curves A, B, and C. Curve 
A, no 6-MP; Curve B, 6-MP added at 88 minutes; Curve C, 6-MP added at 0 minute. 
20 mg. of lactose added to cultures of Curves D and E. Curve D, no 6-MP; Curve 
k, 6-MP added at 0 minute. 


place only after a considerable delay (Fig. 1, Curves B, C, and D), which 
was directly related to the period of exposure of the cells to6-MP. 6-MP, 
therefore, specifically affected the biosynthesis of cell components from 
purines. 

Reversal could be achieved also by subculturing 6-MP-treated cells in 
6-MP-free culture media. Furthermore, when the medium concentration 
of 6-MP was 1.5 y per ml. or less, the growth rate returned to that of the 
control after 2.5 hours of inhibition. It is evident, therefore, that the 
cell damage caused by 6-MP was not permanent. 

Effect of 6-MP on B-Galactosidase Synthesis—The production of the 
inducible enzyme, 6-galactosidase, was examined to determine whether 
6-MP influenced the extent of biosynthesis of a specific protein. LF. colt 
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cells growing exponentially with glucose as the energy source were har- 
vested, washed, and resuspended in a culture medium lacking an energy 
source. 50 ml. aliquots of the suspension were placed in each of five cul- 
ture bottles. A mixture of 10 mg. of glucose and 20 mg. of lactose was 
added to each of three of the suspensions (Fig. 2, Curves A, B, and C),. 
20 mg. of lactose were added to the remaining two cell suspensions (Fig. 2, 
Curves D and E). No 6-MP was added to the control cultures (Curves 
A and D). 0.5 mg. of 6-MP was added to the cultures represented by 
Curves C and E at the same time that the energy sources were added and 
to the culture of Curve B when the growth curve indicated that the glu- 
cose of the culture was exhausted. Optical densities of each culture were 
measured periodically, and aliquots, after injection into a solution of chlor- 
amphenicol (50 y per ml.) to prevent further enzyme synthesis, were ana- 
lyzed for 8-galactosidase essentially by the method of Koppel et al. (15). 

Curve A of Fig. 2 followed the typical diauxic growth pattern expected 
for cultures growing on the glucose-lactose combination (16). Curve B 
followed Curve A (the control), until the addition of 6-MP. Thereupon 
the rate of growth decreased, reaching finally the typical 6-MP-inhibited 
rate. The cells of the culture of Curve C grew at the 6-MP-inhibited rate 
during the metabolism of glucose and, after adaptation, lactose. Curves 
D and E show that 6-MP inhibited the growth of bacteria when lactose 
alone provided the energy source. The $-galactosidase determinations 
showed that the enzyme was formed after the bacteria had exhausted the 
glucose and were growing on lactose whether or not the cultures contained 
6-MP. The enzyme content was found to be proportional to the amount 
of growth on lactose irrespective of the presence of 6-MP. It is concluded 
that 6-MP inhibited the synthesis of the adaptive enzyme £-galactosidase 
only in accord with its inhibitory effect upon cell growth. 

Utilization of Radioactive Sulfate—The uptake of radioactive sulfate was 
used as a measure of total protein synthesis. A control culture of bacteria 
and a culture inhibited with 6-MP were grown in the glucose-salts media 
to which had also been added S*O,°. Samples were withdrawn at inter- 
vals from each culture, and the TCA-extracted cell residues containing 
the protein sulfur of the bacteria (17) were analyzed for radioactivity. 
The data are presented in Fig. 3, where the uptakes of S*® by a control and 
a treated culture are compared for similar extents of growth. By this 
means of presentation the general decrease in tracer uptake expected as a 
result of the slower growth of inhibited cells is compensated, and specific 
effects become apparent. The results for the control and the 6-MP-inhib- 
ited culture were clearly the same. Since the optical density of the cul- 
ture is proportional to the bacterial mass (6) and since the incorporation 
of sulfate sulfur is directly proportional to the amount of new protein 
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ar synthesized (17), it is concluded that 6-MP influenced the utilization of 
BY sulfate sulfur for protein synthesis only in accord with its effect upon the 


al- rate of bacterial growth. ‘These results are in agreement with those for 
6-galactosidase. 
’). Utilization of 8-C'*-Adenine, 2-C'*-Uracil, and C'4-Formate—These com- 
2, pounds contribute carbon chiefly to the nucleic acids of growing L. colt 
- (6). Since 6-MP was suspected to interfere with nucleic acid synthesis 
by (3, 18), it was of interest to examine the incorporation of these nucleic 
nd acid precursors in the presence of the drug by using the membrane filter 
u- technique. Since adenine reversed the effects of 6-MP, no effect upon 
ad the uptake of C™-adenine was expected, and none was observed. I'ig. 4 
ad 300; | 2 

lOO 
te 
100.200 050. 
AP? Af 
ns Fig. 3 Fig. 4 
he Fig. 3. Utilization of 850, by control (O) and 6-MP-inhibited (xX) E. colt. 
ed Radioactivity is expressed in counts per minute (c.p.m.) and growth as the increase 
a in optical density (Ap). 
| Fig. 4. The utilization of C4-formate by control (O) and 6-MP-inhibited (xX) 
ed E. coli. 
se 

shows the inhibitory effect of 6-MP on the utilization of C'*-formate by 
as E. coli. The uptake of formate carbon is directly proportional to the 
la amount of new growth (Ap) whether or not 6-MP is present. In the pres- 
lia ence of the drug, however, the uptake of C™ is less per unit growth than 


or- in the control culture. These results agree with those of Skipper (4) re- 
ng garding the inhibition by 6-MP of the de novo synthesis of purines from 
y. labeled formate in the mouse. 6-MP also suppressed the utilization of 


nd exogenous 2-C'4-uracil to a greater extent than expected as a result of 
118 mere growth inhibition. 

+a To determine the effect of non-radioactive adenine supplementation on 
fic 2-C'-uracil utilization by bacteria treated with 6-MP, two bacterial cul- 
b- tures were prepared as above with 2-C'-uracil. 6-MP was added to one 
al- of the cultures, and the membrane filter analysis was carried out. Non- 


on radioactive adenine (10 y per ml.) was then added to both cultures after 
10 70 minutes, and the analysis was continued. The results (Fig. 5) show 
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initially the characteristic depression in the uptake of uracil in the case of 
the 6-MP-treated bacteria. Following the addition of adenine, however, 
there was an increase in the amount of C'*-uracil utilized per unit of new 
growth until the slopes of the uptake curves became the same for both 
cultures. It is apparent that adenine reversed the 6-MP-induced inhibition 
of uracil uptake as well as of growth. 

The results with the labeled nucleic acid precursors suggest that one of 
the effects of 6-MP upon bacterial metabolism is the suppression of nucleic 
acid synthesis. This hypothesis was directly tested by measuring the 
nucleic acid content of control and 6-MP-inhibited bacteria. 

Nucleic Acid Content of 6-MP-Inhibited E.. coli—E. coli cells were grown 
in glucose-salts media in the presence and absence of 6-MP. After 1.5 
hours of growth the cells from each culture were harvested, washed, and 
extracted with TCA, ethanol, and 10 per cent NaCl as described. The 


400 
= 
5: 200 
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Fig. 5. Adenine reversal of 6-MP-induced inhibition of uracil-C'* uptake in E. 
coli. ©, control; X,6-MP-inhibited. Adenine added at arrow. 


optical density readings of the salt extracts at 260 my were determined on 
bacterial samples before and after growth in the presence of 6-MP. Similar 
determinations were carried out for the control culture. The nucleic acid 
contents were then computed for the same extent of growth by dividing 
the increase in absorption at 260 mu by the increase in growth measured 
at 650 mu. It was found that for eight separate experiments the nucleic 
acid content of cells grown in the presence of 6-MP ranged from 58 to 76 
per cent (mean = 65 per cent) of that determined for untreated bacteria. 
It was concluded that 6-MP at 10 y per ml. decreased the nucleic acid 
content of colt. 

As a test of this conclusion, identical inocula of bacteria were grown to 
the same extent in the presence and absence of 6-MP in cultures which 
contained a mixture of randomly labeled C'-fructose and P#®O,=. The 
nucleic acids were extracted with 10 per cent NaCl as described above, and 
the ultraviolet absorption spectra of the extracts were measured. Aliquots 
were taken for radioactivity determinations with and without an aluminum 
absorber in order to measure both the total radioactivity and that from the 
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of P® alone. It is evident from the results in Table I that the bacteria grown 


er, in the presence of 10 y per ml. of 6-MP contained approximately one-half 
ew as much nucleic acid, phosphorus, and carbon plus phosphorus as did cells 
th grown in the absence of 6-MP. These results confirm the conclusion that 
on 6-MP treatment decreased the nucleic acid content of /. coli, but the com- 
position of the polynucleotides seemed unchanged. A similar effect of 
of 6-MP on both bacterial ribonucleic acid and deoxyribonucleic acid has 
Sto been observed in other investigations (10). 
he The absorption spectra of NaCl extracts containing approximately 
0.25 mg. of nucleic acid per ml. were also examined in the region of 300 to 
vn 340 mu. Since 6-MP exhibits a characteristic absorption peak in this 
5 region (1), any increase in absorption at this region might be evidence for 
nd incorporation of the 6-MP into nucleic acids. No such indication of ab- 


he sorption due to the drug could be found. The possibility of more than a 


TABLE I 
Nucleic Acid Content and Specific Radioactivity of 6-MP-Inhibited E. coli 
Newly formed) Specifi 
| CMT PO | radioactivity | 
units) (4) + (1) 
(1) (2) (3) (4) 
c.p.m. c.p.m. 
cede 100 457 4.57 60.6 0.606 
E. SRS cee 51 243 4.75 29.4 0.575 
on small amount of the purine analogue being incorporated is thus precluded. 
ar The incorporation of the drug into nucleic acids has been proposed as a 
id possible explanation for its mechanism of action (19). 
1g Effect of 6-MP on Utilization of 1-C'4-Acetate—McecQuillen and Roberts 
ad have shown (20) that 1-C'4-acetate contributes radioactive carbon prin- 


ic cipally to the proteins and lipides of /. coli. Since no effect of 6-MP upon 
76 protein synthesis had been observed in the present studies (Figs. 2 and 3) 
and since 1-C't-acetate does not efficiently label the nucleic acids, it was 
id thought that the total uptake of 1-C'*-acetate would provide a convenient 
indicator of the effect of the drug upon lipide synthesis. Accordingly, the 
to uptake of 1-C'*-acetate by control and 6-MP-treated (10 y per ml.) bac- 


: terial cultures was determined by the membrane filter technique. Suffi- 
he cient carrier acetate was added to minimize isotopic dilution by C'*-acetate 
id produced from glucose (6). For the same extent of growth 6-MP-inhibited 
ts E. coli incorporated only about one-third as much CC" as did control cells. 
m Since the radiocarbon from 1-C'-acetate is approximately equally dis- 
re tributed between lipide and protein in control cells (20), the suppression 


aa 
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observed was greater than could be accounted for as a result even of com- 
plete lack of lipide synthesis. The results suggest that, in spite of the 
absence of effect of 6-MP on protein synthesis as measured by sulfur up- 
take (Fig. 3), acetate utilization for protein synthesis was curtailed by 
6-MP. In order to test this suggestion and to determine the distribution 
of carbon among the different chemical fractions in the cell a series of 
analyses with various C'*-labeled compounds was carried out. 

Effect of 6-MP on Distribution of Carbon in E. coli—6-MP-treated and 
untreated cultures of FL. coli were grown to an equal extent in the presence 
of 1-C'*-acetate, randomly C'-labeled glucose, C'!-formate, or 2-C'-uracil. 


II 
Effect of 6-Mercaptopurine on Utilization of C'4-Labeled Compounds 
cu. cu. cu. 
Acetate Glucose Formate Uracil 
Fraction 0* | 10* 0* | 10* 0* | 10* 0* 10* 


Radioactivity incorporatedt 


100 | 30 | 100 | 80 | 100 65 | 100 | 45 
5; 18/15 4; 2 6; 1.5 
Alcohol-soluble........................ 53 | 15 | 35 | 30 7i 1; 
2 52 34 58 26 | 77 | 40 
37 |; 8 27 | 28 3; 1.5 


* Micrograms of 6-MP per ml. added. 

1 The values are given in per cent of the radioactivity incorporated by the cells 
in the control culture. Bacteria in the inhibited cultures were grown for a longer 
time than those in the control cultures in order to provide the same amounts of cells 
in each case. 


At the conclusion of the growth period the cells were harvested, washed, 
and fractionated by the chemical fractionation procedure described above. 
Radioactivity of each of the fractions was determined and calculated as per 
cent of the radioactivity incorporated by the bacteria in the control cul- 
tures. 

It is evident from the results (Table IT) that 6-MP markedly suppressed 
the incorporation of C™ from 1-C"-acetate into both lipides (alcohol- 
soluble) and proteins (residue). 

In the case of C'-glucose, which randomly labels all of the carbon of the 
cell (6), the major effect of 6-MP was found in the combined hot TCA and 
residue fractions. This is probably due to the low nucleic acid content 
of the 6-MP-treated cells since the sulfur incorporation studies (Tig. 3) 
indicated a normal protein content in bacterial cells exposed to 6-MP. 
The small effect on the lipide fraction shows that the lipide content is 
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only slightly decreased, in spite of the suppression of 1-C"-acetate utiliza- 
he tion. 

p- The results for C'-formate labeling show that the nucleic acid fraction 
contained most of the C™“ and that this fraction was the one most affected 
on by 6-MP treatment. Incorporation of formate carbon into the cold TCA 
fraction, which contains small amounts of purine compounds, was appar- 


of 
ently also suppressed. Considerable C™ was found in the protein fraction 

id in this experiment, arising from the incorporation of CO. produced from 

ce the labeled formate (6). The proteins of a similar preparation were hy- 

il. drolyzed to amino acids, and the hydrolysates were chromatographed on 
paper. The distribution of C' among the amino acids was typical of 
that for cells grown in the presence of CO (21). In addition, non-radio- 
active NasCO; added to cultures containing labeled formate suppressed 

a the incorporation of C' into protein. These results indicate that amino 

I6QO; 

800}; 

: Fic. 6. The effect of 6-MP on 1-C'4-acetate utilization in FE. colt. O = control; 

e=0.5;X =1;A = 1.5; 0 = 3yper mi. of 6-MP. 

Is acid syntheses involving COz utilization were not much affected by 6-MP. 

: Paper chromatographic analysis of the hydrolyzed nucleic acid in the 
2-C'-uracil experiments showed that the radioactivity was contained 
entirely in the pyrimidine nucleotide residues. The principal effect of 

F 6-M[P was to suppress the incorporation of 2-C'*-uracil into the nucleic 

> acid fraction. Since the cold TCA fraction contains pyrimidine com- 

r pounds, it was also affected by 6-MP treatment although the amounts of 


- radioactivity present were too low to assure accuracy. 

Effect of 6-MP Concentration on Growth, Nucleic Acid Content, and 1-C"- 
d Acetate Utilization—Three series of cultures were grown in the presence of 
% 0, 0.5, 1, 1.5, 2, and 5 y per ml. of 6-MP. The nucleic acid content of one 
series was estimated by 10 per cent NaCl extraction and spectrophotometry. 
e The distribution of C™ between the lipides (alcohol-soluble fraction) and 
] proteins (residue) was determined on the second series in which 1-C"- 
t acetate was used as the labeled compound. The third series was analyzed 
) by means of the membrane filter technique to detect the uptake of 1-C!4- 
; acetate. The results of these analyses are shown in Table III and Fig. 6. 
5 0.5 y per ml. of 6-MP inhibited the growth of /. coli but had no dis- 
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cernible effect upon the nucleic acid content (Table III). In addition, 
other experiments showed that this low dosage of drug suppressed the 
utilization of C'*-formate or C'4-formaldehyde only in accord with the 
effect upon growth. It would seem therefore that a decreased nucleic 
acid content is not the cause of growth inhibition. 

The suppression of acetate utilization for both lipide and protein syn- 
thesis became progressively greater as the 6-MP concentration was in- 
creased. On the other hand, the lipide content as measured by the incor- 
poration of C'*-glucose (Table IT) or the protein content as measured by 
the incorporation of 5*®O, (Fig. 3) was not appreciably decreased by 
6-MP treatment even at 10 y per ml. Thus, 6-MP strongly suppressed 
acetate utilization without much altering the content of lipide or protein. 


TABLE III 


Relation between Concentration of 6-MP, Growth, Nucleic Acid Content, and 
1-C'4-Acetate Utilization 


6-MP, y per ml. 
0 0.5 1 1.5 S49 
Nucleic acid content*................... 100 105¢ | 75t | 57 50 60 


* Expressed as per cent of that in the untreated cells for the same extent of growth. 

{ In other experiments the nucleic acid content at these levels of 6-MP did not 
differ from that of the control, nor was any specific effect on the uptake of C'4-for- 
mate observed. 


DISCUSSION 


The experimental results reported in the present paper show that growth 
of EF. coli was markedly inhibited by 6-MP at the lowest level (0.5 y per 
ml.) tested. However, no specific effect of this level of the drug on the 
utilization of various labeled compounds or on protein, lipide, or nucleic 
acid content was observed. Acetate utilization for protein and _ lipide 
synthesis was specifically suppressed, nucleic acid content was decreased, 
and the utilization of formate was specifically suppressed only at 6-MP 
levels of 1 y per ml. or more. No decrease in protein or lipide content was 
observed even at the highest level tested (10 y per ml.). It is clear, there- 
fore, that the several metabolic properties examined differ in sensitivity to 
the drug. In order of decreasing sensitivity they fall in the following 
sequence: growth, acetate utilization, formate utilization and nucleic acid 
content, protein and lipide content. 


| 
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6-MP treatment of FH. colt specifically suppressed the utilization of exog- 


on 
he enous acetate carbon for the synthesis of protein and lipide without also 
he decreasing the protein or lipide content. It is evident, therefore, that 
eic one site of 6-MP action involves the mechanisms which control the flow 
of acetate carbon for synthesis. McQuillen and Roberts (20) have shown, 
- however, that the pathways for the flow of acetate carbon into lipide and 
in- protein are largely independent. Since 6-MP affects both pathways, it 
or- may be inferred that its influence is exerted on the early stages of acetate 
by carbon utilization. The ready reversibility of the inhibitory effects of 6-MP 
by by purines suggests that the analogue antagonizes the synthesis or utiliza- 
ed tion of a purine-containing compound. Coenzyme A, adenosine triphos- 


, phate, and diphosphopyridine nucleotide might be involved specifically, 
since they take part in the early stages of acetate utilization and also con- 
tain purine residues in their structures. Coenzyme A in addition contains 
a sulfhydryl group which could conceivably be inactivated by coupling 
with 6-MP. It is suggested, therefore, that 6-MP exerts its effects on EF. 
coli by interfering with the function and synthesis of purine-containing 
as coenzymes. The reversal of 6-MP-induced inhibition of mitosis in sar- 
coma 180 (22), as well as lipogenesis in embryo skin fibroblasts (23) by 
coenzyme A, and the inhibition of CoA-mediated acetylation by the drug 


. in normal and tumor tissue (24) lend support to this hypothesis. The 
demonstration of 6-MP inhibition of diphosphopyridine nucleotide syn- 
thesis and breakdown is further corroboration (25). 

- Since the effect of 6-MP on growth inhibition occurred at the lowest 

os concentration of the drug, it is likely that the effects on nucleic acid syn- 

sat thesis and acetate utilization are secondary. It is very probable, however, 
that a comparable effect of the drug on one or more specific cofactors may 
influence the growth rate, even though such responses may be of a magni- 
tude outside the range of the present techniques. 

h 

SUMMARY 

e 6-Mercaptopurine (6-MP) inhibits the growth of Escherichia coli B. 

ic Growth inhibition is reversed by adding purines to cultures of the bac- 

le teria. It may also be reversed by subculture of the cells in 6-mercapto- 

1, purine-free media or by prolonged incubation of the bacteria in low con- 

P | centrations of the drug. The capacity of the microorganisms to form the 

s inducible enzyme, @-galactosidase, is unimpaired. Protein synthesis as 

- measured by the incorporation of S** from labeled sulfate is identical in 

0 inhibited and control cultures for the same extent of growth. The utili- 

g zation of acetate for protein and lipide syntheses is strongly suppressed. 

d Nucleic acid synthesis, as measured spectrophotometrically or by the in- 


corporation of radioactivity from labeled glucose, formate, uracil, or phos- 
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phate in cultures treated with 10 y per ml. of 6-MP, is almost half that 
found in control cultures for the same amount of growth. At low levels 
of 6-MP a decrease in growth rate is produced, although no effect on ace- 
tate utilization, formate uptake, or nucleic acid content is observed. It 
is suggested that 6-MP exerts its effects by interfering with the function 
and synthesis of purine-containing cofactors. 
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els | THE CATALYSIS OF THE NON-CHYMOTRYPTIC HYDROLYSIS 


OF p-NITROPHENYL ACETATE* 
ion By A. 8. BRECHIER anv A. K. BALLS 


(From the Department of Biochemistry, Purdue University, Lafayette, Indiana) 


(Received for publication, February 25, 1957) 


“4 The imidazole group of histidine has been suggested as the active site 
iad for the esterolytic and proteolytic action of chymotrypsin (1-7). The 


formation of acyl chymotrypsin with acetyl and phosphoryl compounds 
200 has been employed as a means of studying the active site. Acid and 
enzymatic hydrolysates of diisopropyl phosphoryl chymotrypsin, however, 
have shown that O-phosphorylserine is formed, implicating serine either 
J., as the complex-forming group or as an intermediate or terminal group to 
which the acyl moiety may be transferred (8-12). Recently, phosphora- 
midate has been used to acylate imidazole non-enzymatically (13). 

The catalysis of the hydrolysis of p-nitrophenyl acetate (NPA) by 
histidine derivatives and imidazole has been shown (14, 15). Since acetyl 


” chymotrypsin is formed during the enzymatic cleavage of NPA, it was 
deemed of interest to see whether a complex is formed during the non- 
enzymatic hydrolysis of NPA by a-N-benzoyl-L-histidine methyl ester in 

63 a manner similar to the behavior of chymotrypsin. 

ia This paper reports the detection, isolation, and characterization of 

k, N-benzoyl-1(or 3)-acetylhistidine methyl ester as an intermediate prod- 


uct of the hydrolysis of NPA and the effect of various alcohols on the 
3). non-enzymatic hydrolysis. 


Materials and Methods 


Materials—N-Benzoyl-t-histidine and N-benzoyl-.-histidine methyl 
ester were synthesized by the method of Gerngross (16). N-Benzoyl- 
l(or 3)-acetylhistidine methyl ester was prepared according to the pro- 
cedure of Bergmann and Zervas (17). Commercially available ethanol, 
n-butanol, and tert-butanol were freshly distilled before use. NPA was 
9 prepared from acetyl chloride and recrystallized p-nitrophenol (NP). 
Methods—The initial rates of hydrolysis of NPA by t-histidine, N- 
h, benzoyl-L-histidine, and N-benzoyl-t-histidine methyl ester were measured 
colorimetrically in a Coleman junior spectrophotometer by observation of 
the increase in optical density at 402 my. In this procedure, 2 umoles of 

* Presented in part before the Forty-eighth annual meeting of the American Soci- 


ety of Biological Chemists at Chicago, April 15-19, 1957. Journal Paper No. 1078 of 
the Purdue Agricultural Experiment Station, Lafayette, Indiana. 
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histidine or its derivatives, dissolved in 0.067 m phosphate buffer at pH 
6.2, were added to the same buffer solution containing 25 uwmoles of NPA, 
which had been added to the buffer in 0.2 ml. of acetone. The total vol- 
ume was 10.0 ml. 

For the determination of the effect of various alcohols on the catalytic 
breakdown of NPA, 1 umole of N-benzoyl-L-histidine methyl ester, 25 
pmoles of NPA, and a 0.68 m solution (final concentration) of alcohol in 
0.067 m phosphate buffer at pH 6.2 were utilized. 

The hydroxamic acid test was performed on N-benzoyl-u-histidine 
methyl ester and on synthetic and isolated N-benzoyl-1(or 3)-acetylhisti- 
dine methyl ester according to the method of Hestrin (18). 


Results 


A comparison of the initial rates of hydrolysis of NPA is given in Table 
I. These data show that free histidine is less effective as a catalyst in the 
breakdown of NPA than is either N-benzoyl-t-histidine or N-benzoyl-.- 
histidine methy!] ester. 

Paper Chromatographic Detection of N-Benzoyl-1(or 3) -acetylhistidine 
Methyl Ester—10 of methyl ester were added 
to 10 ml. of 0.067 m phosphate buffer containing 25 ymoles of NPA, added 
in 0.2 ml. of acetone. After incubation for 5 minutes at 25°, during which 
time approximately 1.1 wmoles of NP had been liberated, the mixture 
was extracted with 5 ml. of benzene. The benzene fraction was dried 
over sodium sulfate and then evaporated to dryness over paraffin in a 
vacuum desiccator. The residue was taken up in 0.2 ml. of benzene and 
applied to Whatman No. 1 paper strips 30 cm. XK 1.5 cm. These were 
subjected to ascending chromatography in test tubes 30 em. long and 2.75 
em. wide. <A solvent mixture of 95 per cent benzene and 5 per cent chloro- 
form was used. The compounds were detected by the formation of a 
colored azo compound with diazobenzenesulfonic acid. NPA migrated 
with the solvent front and gave a yellow color with the diazo reagent. 
NP migrated to the extent of 70 per cent of the solvent front and also 
gave a yellow color with the diazonium salt. N-Benzoyl-.-histidine 
methyl ester moved in a continuous band from the point of application 
for 30 to 40 per cent of the solvent distance, while the intermediate com- 
pound, N-benzoyl-1(or 3)-acetylhistidine methyl ester, moved as a broad 
band to 80 or 90 per cent of the total distance migrated by the solvent. 
Both N-benzoyl-.L-histidine methyl ester and N-benzoyl-1l(or 3)-acetyl- 
histidine methyl] ester gave orange to red colors with the diazo reagent. 

Isolation and Characterization of N-Benzoyl-1(or 3) -acetylhistidine 
Methyl Ester—A solution of 25 mmoles (4.53 gm.) of NPA! in 50 ml. of 


‘This amount of NPA was not completely soluble in the buffer. 
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acetone was added to 750 ml. of 0.067 m phosphate buffer at pH 6.2, con- 
taining 3.66 mmoles (1.0 gm.) of N-benzoyl-L-histidine methyl ester. The 
mixture was incubated at room temperature for 15 minutes, during which 
time it turned a bright yellow due to the liberation of NP. The solution 
was then extracted twice with 250 ml. portions of benzene (Fractions A 
and B), and the benzene layers were immediately placed over sodium 
sulfate to remove traces of water which are capable of hydrolyzing the 
N-benzoyl-1(or 3)-acetylhistidine methyl ester (17). After concentration 
to 50 ml. by vacuum distillation, the fractions were evaporated to dryness 
over paraffin in a vacuum desiccator. A typical scheme for isolation of 
the N-benzoyl-1l(or 3)-acetylhistidine methyl ester is presented in the 
accompanying diagram. 


Fraction A; concentrate by vacuum distillation, then 
by desiccation over paraffin to sirup 


E 


Fraction A,; Crystals, Fraction Ae; further desiccation of sirup to 
0.7 gm.; m.p. 78° dryness; mixed crystals, 2.19 gm. 


Dissolve in hot eth- 
anol; chill to 
room temperature 
(about 25°); filter 


| 


Fraction A;; Crystalline Supernatant solution; cool in an ice bath; 
ppt., 2.03 gm; m.p. 65° filter 
| | 
Fraction Ay; crystalline Supernatant solution; discard 


ppt., 92 mg.; m.p. 130° 


Recrystallize 
from warm 
ethanol 


| 


| 
Fraction A;; crystalline Supernatant solution; discard 
ppt., 40 mg.; m.p.166° 


Fraction B, containing about 150 mg. of crystals, yielded 34.3 mg. of 
crystals with a melting point of 161° on the first crystallization from warm 
ethanol and 19.5 mg. of crystals with a melting point of 165—165.5° after a 
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second crystallization. A photograph of crystals of N-benzoyl-1(or 3)- 
acetylhistidine methyl ester isolated from the incubation mixture Is shown 
in Fig. 1. 

Mixed melting point determinations of the material from both fractions 
with synthetic N-benzoyl-1(or 3)-acetylhistidine methyl ester gave 
melting points of 165°. 


TABLE I 
Hydrolysis of p-Nitrophenyl Acetate by L-Histidine, N-Benzoyl-t-Histidine, 
and N-Benzoyl-t-Histidine Methyl Ester 


| Activity, Approxi- 
Catalyst | | | 
per 10 ml. | Fates 
0.0002 3.30 2.60 3.46 
N-Benzoy1-t-histidine methyl ester......| 0.0002 4.10 3.40 | 4.53 


The incubation mixtare contained the specified amount : of histidine or its deriva- 
tives, 25 umoles of NPA (added in 0.2 ml. of acetone), and 0.067 M phosphate buffer 
at pH 6.2 with a total volume of 10.0 ml. 


Fig. 1. Crystals of V-benzoyl-l(or 3)-acetylhistidine methyl ester (91.5) 


An elementary analysis of the isolated material (Table II, footnote) 
gave the following results: 


Calculated, C 60.94, H 5.56, N 13.33; found,? C 61.21, H 5.56, N 13.61 


The hydroxamic acid test for N-benzoyl-L-histidine methyl ester, syn- 
thetic N-benzoyl- 3)-acetylhistidine methyl ester, and isolated 


? The analysis of the first material isolated (by essentially the procedure as given 
but with some steps later found to be unnecessary) gave the results indicated above. 
The melting point of this material was the same as that later recovered. The mixed 
melting points showed no change. 


| 
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benzoyl -1(or 3)-acetylhistidine methyl ester gave the results shown in | 
2 Table IT. 


TaBLeE II 
Hydroxamic Acid Test on N-Benzoyl-L-histidine Methyl Ester, Synthetic N- 
Benzoyl-1 (or 3)-acetylhistidine Methyl Ester, and Isolated N-Benzoyl-1 (or 
3)-acetylhistidine Methyl Ester* 


Hydroxamic oan formed 
Compound 
pH 6.5 pH 12 
pmoles pmoles 
Synthetic N-benzoyl-L-histidine methyl ester.................. 0.000 1.8 
N-benzoyl-1(or 3)-acetylhistidine methyl ester. ..... 3.0 4.1 
Isolated N-benzoy]-1(or 3)-acetylhistidine methyl] ester........ 2.9 4.1 


* The hydroxamic acid test was performed on 10 umoles of material by essentially 
the same procedure as that of Hestrin (18). Although the reaction was incomplete 
as compared to an acetylcholine standard, the synthetic and isolated materials be- 
haved identically. 


TaBLeE III 


Hydrolysis of p-Nitrophenyl Acetate by N-Benzoyl-i-histidine Methyl Ester 
in Presence of Various Alcohols* 


| | Per com 
min. per 10 mi. alcohol 
v 


* The control contained 1 umole of N-benzoyl-.-histidine methyl ester and 25 
umoles of NPA (added in 0.2 ml. of acetone) in 10.0 ml. of 0.067 M phosphate buffer 
at pH 6.2. The alcohols were present in a final concentration of 0.68 M. 


The effect of various alcohols on the hydrolysis of NPA by N-benzoyl- 
L-histidine methyl ester was observed (Table II]). Ethanol, n-butanol, 
and ¢tert-butanol accelerate the hydrolysis to the same extent. 


DISCUSSION 


Though acetyl chymotrypsin has been observed to be an intermediate 
in the hydrolysis of NPA and has been isolated (19), it is unstable. An 
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analogous situation is presented by the instability of N-benzoyl-1(or 3)- 
acetylhistidine methyl ester (17) which can be isolated from incubation 
mixtures of NPA and N-benzoyl-u-histidine methyl ester. This suggests 
that one of the two histidine groups in chymotrypsin may be responsible 
for the esterolytic activity of the enzyme. 

Chymotrypsin is known to react with NPA, in an initial burst, in a 
1:1 ratio to form acetyl chymotrypsin, which then decomposes and con- 
tinuously hydrolyzes NPA at a slower rate (20). Whereas an initial burst 
of activity upon mixing NPA with L-histidine, N-benzoy]-.L-histidine, and 
N-benzoyl-t-histidine methyl ester leading to a 1:1 ratio of combination 
was not observed, an essentially linear slope could be obtained upon hy- 
drolysis of NPA by N-benzoyl-t-histidine methyl ester until about one- 
half of the N-benzoyl-.-histidine methyl ester had been acetylated (as 
measured by the release of NP). Thereafter, there was a smaller but 
linear increase in NP liberation, suggesting that the steady state was 
attained. This would seem to indicate that the complex formed by N- 
benzoyl-.L-histidine methyl ester with NPA is more unstable than that 
formed by chymotrypsin. Structural differences could account for the 
difference in stability of the complex. 

Since aromatic rings have a strong absorption at 245 muy, the acetylation 
of N-benzoyl-.-histidine methyl] ester could not be followed spectrophoto- 
metrically to show a catalytic breakdown of NPA greater than the equiva- 
lent number of moles of N-benzoyl-t-histidine methyl ester. It would 
be of interest to see whether non-aromatic derivatives of histidine catalyt- 
ically hydrolyze non-aromatic high energy acy] esters. 

Esters of low molecular weight alcohols have been prepared with acetyl 
chymotrypsin (21). However, the rates of esterification were markedly 
different. The increase in the rate of hydrolysis of NPA by N-benzoyl-t- 
histidine methyl ester upon the addition of ethanol, n-butanol, and tert- 
butanol was noticeably constant. Though it is probable that the respec- 
tive esters of the alcohols were formed, the uniformity of the increase 
suggests that steric factors play an important role in the chymotrypsin- 
catalyzed transesterification, and that these steric factors, which are 
absent in N-benzoyl-t-histidine methyl ester, govern the specificity of 
chymotrypsin. 


SUMMARY 


The isolation and characterization of N-benzoyl-1(or 3)-acetylhistidine 
methyl] ester during the non-enzymatic hydrolysis of p-nitrophenyl acetate 
by N-benzoyl-.-histidine methy] ester are reported. 

N-Benzoyl-t-histidine and N-benzoyl-t-histidine methyl ester are more 
effective catalysts than t-histidine for the hydrolysis of p-nitrophenyl 
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acetate. Ethanol, n-butanol, and ¢ert-butanol increase the initial rate of 
hydrolysis of p-nitrophenyl acetate by N-benzoyl-L-histidine methyl ester 
to the same extent in contrast to their behavior in the presence of chy- 
motrypsin. 

The significance of these results is discussed. 
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Relatively few studies have been made on the lipide metabolism of Penz- 
cillium chrysogenum, although large quantities of these compounds are used 
as antifoam agents in the production of penicillin. Goldschmidt and 
Koffler (1) demonstrated that unsaturated long chain fatty acids present 
in the antifoam were responsible for stimulation of penicillin yields, since 
many physiologically inert compounds (7.e. mineral oil) were non-toxic, 
but did not increase penicillin yields even though some were excellent anti- 
foam agents. Rolinson and Lumb (2) studied the oxidation of stearic 
and oleic acids by P. chrysogenum, but made no attempt to correlate fatty 
acid utilization with its effect on penicillin production. 

Since the results in our laboratory concerning the stimulation of peni- 
cillin production by unsaturated fatty acids have correlated with those of 
Goldschmidt and Koffler (1), a study of the metabolism of the higher fatty 
acids by P. chrysogenum Q-176 has been made. The fate of unsaturated 
fatty acids added to the culture medium of P. chrysogenum Q-176 with the 
aid of radioactive isotopes was investigated and also the lipide content of 
the mold mycelium. 


EXPERIMENTAL 


P. chrysogenum strains Q-176 and 47-133SL5 were grown in the con- 
ventional 3 per cent cornsteep, 3 per cent lactose, and 1 per cent CaCO, 
medium, except when otherwise stated. Fatty acids (10 to 100 mg.) were 
added to this medium before sterilization. Heavy spore suspensions of 
the respective mold strains were inoculated into 100 ml. of medium in 500 
ml. Erlenmeyer flasks and incubated at room temperature (22—28°) on a 
rotary shaking machine which described a circle of 1 inch diameter at 260 
r.p.m. 

Manometric Studies—The mold mycelium was harvested on the 4th day. 
Oxygen consumption was measured by conventional Warburg techniques 
as described by Umbreit et al. (3). As Table I indicates, oxygen uptake 


* This work was supported in part by a grant from the Penrose Fund of the Ameri- 


can Philosophical Society. 
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by the mold utilizing glucose, oleic acid, or stearic acid as substrate is 
greater after the organism has been grown in the presence of an unsaturated 
fatty acid. Growth in the presence of a saturated fatty acid does not 
produce this effect. The oxidation of pyruvate and lactose is unaffected 
by growth in either saturated or unsaturated fatty acid. Acetate oxida- 
tion is stimulated to approximately the same extent by growing the mold 
in the presence of either saturated or unsaturated fatty acids. 

Lipide Extraction and Identification of Fatty Acitds—The mycelium was 
harvested by filtration on the 5th day, washed with distilled H,O, and 
dried at 40°. The dried mycelium was ground in a mortar, weighed, and 


TABLE I 
Oxidation of Various Substrates by P. chrysogenum Q-176 in Presence of Fatty Acids 


Fatty acid added to growth medium, 1.0 mg. per ml. 

None (endogenous), Qo.*.......... 3.0 3.0 2.9 2.8 2.9 3.3 
6.2 11.7 10.4 8.6 6.0 6.4 
ES 5.6 9.6 8.4 8.3 5.3 5.4 
5.9 9.9 8.6 8.3 8.0 8.2 
Pyruvate, Qo... . 4.6 5.0 4.5 4.3 4.3 4.5 
4.7 5.0 4.7 | 4.5 4.4 4.5 


Conditions: atmosphere, air; temperature, 30°; center cup, 0.2 ml. of 20 per cent 
potassium hydroxide; main compartment, 1.0 ml. of homogenized cells, 1.0 ml. of 
1.0 m phosphate buffer, pH 6.5, 0.5 ml. of distilled water, side arm either 100 y of 
fatty acid or 0.5 ml. of 0.1 M carbohydrate solution. 

* Qo, equals milliliters of O2 consumed per hour per mg. of dry mycelial prepara- 
tion. 


extracted with an ethanol-benzene (80:20 v/v) mixture for 24 to 30 hours 
in a Soxhlet extraction apparatus. The solvent was subsequently evapo- 
rated to dryness in an atmosphere of nitrogen and the residue extracted 
with petroleum ether. After alkaline or acid hydrolysis (4) of the lipide 
fraction, the free fatty acids were again taken up in petroleum ether. 
Standard iodine absorption numbers were run on all lipide fractions (Wijs 
solution) to determine the degree of unsaturation. 

The results given in Table II compare the cultures of P. chrysogenum 
Q-176 and 47-133SL5 as to dry weight of cells, weight of ether-soluble frac- 
tion of the ethanol-benzene extract of dry cells, and the iodine number of 
the ether-soluble extract. Duplicate culture flasks were removed from 
the shaker and examined on the 2nd, 4th, and 5th days after inoculation. 
The results indicate that strains Q-176 and 47-133SL5 grow at approxi- 


W. L. GABY, C. HADLEY, AND Z. C. KAMINSKI 855 


mately the same rate, that cells of strain Q-176 contain a greater amount 
of lipide material than those of strain 47-133SL5, and that the lipide is 
more highly saturated. 

Ascending paper chromatograms were run on all fatty acids extracted 
from cells of P. chrysogenum Q-176 and 47-133SL5. The fatty acids were 
spotted 1 inch from the bottom of 11 X 16 inch Schleicher and Schuell No. 
595 filter paper. The ends of the paper were stapled together in a manner 
such that the edges did not touch, and the paper was placed in a 6 X 18 
inch glass-covered cylindrical jar containing methanol-water (75:25 v/v) 
at 40°. When the solvent front was approximately 2 inches from the top, 
the papers were removed from the jars, dried in air at room temperature, 
and the spots were located by passing the paper slowly through a slightly 
alkaline aqueous solution of phenol red. The fatty acid spots appear yel- 


TABLE II 
Comparison of P. chrysogenum Strains As to Growth and Lipide Content of Cells 
Weight of ether- : 
Dry weight of cells soluble extract ‘of | Todine No. of ether- 
days gm. mg. 
Strain Q-176 2 1.5 29 86 
4 2.0 42 92 
5 2.1 54 70 
Strain 47-133SL5 2 1.39 18 125 
4 2.1 33 105 
5 2.35 41 92 


low against a pink background. The procedure gave excellent resolutions 
of the fatty acids and was more satisfactory in our hands than ‘reverse 
phase” chromatography (5). 

The results obtained from paper chromatograms of the fatty acids (Ta- 
ble III) indicated that linoleic acid is the exclusive or major fatty acid 
found in P. chrysogenum Q-176 and 47-133SL5. The procedure was not 
sensitive enough to indicate less than 50 umoles of a fatty acid. It is 
possible, therefore, that minute amounts of other fatty acids were present 
but not detected. Nevertheless, these results, when coupled with the 
iodine number, indicate that linoleic acid is the predominant fatty acid 
present in the mycelium of P. chrysogenum 47-133SL5 and Q-176. This 
Was true regardless of the unsaturated fatty acid or oil added to the me- 
dium in which the mold was grown. 

C4. Labeled Unsaturated Fatty Acids—To obtain a source of labeled fatty 
acids, numerous bacteria, yeast, and molds were examined for their unsatu- 
rated fatty acid content, as indicated by the iodine number of the extracted 
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lipides. The amount (gm. per 100 gm.) and iodine number, respectively, 
of the lipide present in several microorganisms grown on crude media were 
as follows: Pseudomonas aeruginosa, 0.83, 10.3; Saccharomyces cerevisiae, 
0.96, 30.2; Penicillium notatum, 1.34, 80.0; Aspergillus niger, 1.21, 62.1; 
P. chrysogenum 3.59, 125.0. Since the cells of P. chrysogenum 47-133SL5 
contained the greatest amount of unsaturated fatty acids, it was decided 
to label the fatty acids of this culture by adding 1-C'-sodium acetate to 


TABLE III 


Rp X 100 Values of Several Known Fatty Acids Compared with Those Extracted from 
P. chrysogenum 


Solvent mixtures, 40° 


Fatty acids 75 per cent 60 mil. ml. methanol-|70 ml. methanol- 
methanol-25 | 10 ml. acetone- 20 ml. acetone- 5 ml. acetone- Iodine No. 
per cent H2O 2 mil. HO 10 ml. H2O 25 ml. HO 
8.0 17.0 33.0 5.5-7.0 
5.0 10.5 20.0 5.5-7.0 
Myristic.......... 55.0 66.0 73.0 5.5-7.0 
SSS 43.0 60.0 60.0 42.0 90.0 
67.0 81.0 75.0 64.0 170.0* 
Linolenic.......... 81.0 84.0 250.0* 
Saponified fatty 
acid from strain 
67.0 81.0 73.0 120 -155 
Saponified fatty 
acid from strain 
47-133SL5....... 68 .0 80.0 74.0 120 -155 


C-labeled fatty 
acid from strain 
47-133SL5....... 67.0 62.0 120 -155 

C,,4-labeled fatty 
acid from strain 


64.0 120 -155 


* Theoretical values. 


the growth medium (4 per cent cornsteep, 2 per cent lactose, 1 per cent 
glucose, and 1 per cent CaCO;). The extracted lipide was hydrolyzed and 
the amount of radioactivity determined by a gas flow counter. 

From 19.38 gm. of dry cells of P. chrysogenum 47-133SL5 grown in the 
presence of 20 we. of 1-C'4-sodium acetate, 425 mg. of free fatty acids were 
obtained, having an iodine number of 155 and an activity of 6 K 10* ¢.p.m. 
permg. When 6 mg. of this C'-labeled mixture of fatty acids were added 
before sterilization to the cornsteep medium, and the medium was inocu- 
lated with P. chrysogenum Q-176, the distribution of the label after 5 days 
incubation was as follows: (a) 60 to 65 per cent of the activity was found 


W. L. GABY, C. HADLEY, AND Z. C. KAMINSKI 857 


y, in the ether-soluble fraction of the ethanol-benzene extract of the dry my- 
re celium (63.6 mg. of lipide with an iodine number of 120 and with an activity 
le, of 3940 ¢.p.m. per mg.); (b) 10 to 15 per cent of the activity remained in 
1; the mycelium after ethanol extraction; (c) 10 to 15 per cent of the activity 
L was trapped as BaCQO,;; and (d) 10 to 15 per cent of the activity was found 
ed in the penicillin extract obtained by extracting the crude broth at pH 2.0 
to with chloroform. These experiments were repeated a number of times 
with several different preparations of labeled fatty acids. 

Phospholipide Extraction—The mold cells were filtered, washed with 
om water, dried in air, and the lipides extracted as described above. The 
petroleum ether-soluble portion of the ethanol-benzene extract was con- 
centrated to a small volume and the phospholipide was precipitated in 
"a acetone containing a few drops of a 4.5 per cent ethanol solution of mag- 
nesium chloride (6). The precipitated phospholipides were centrifuged and 
dissolved in petroleum ether, and the ether solution was washed with dis- 
tilled water and reprecipitated in acetone. The precipitated phospho- 
lipide was collected by centrifugation and extracted with ethanol. This 
procedure was repeated at least five times to free the phospholipide of 
contaminating proteins and lipoproteins. The ethanol-soluble fraction 
containing lecithin was saved for separate fatty acid and amino acid anal- 
yses. The ether-soluble, ethanol-insoluble cephalin fraction was also ana- 
lyzed for fatty acid and amino acid content, and the acetone-soluble frac- 
) tion was examined for its fatty acid content. In other experiments, 
cephalin was separated from lecithin by precipitation of the ether-soluble 
mixture in ethanol, as described by Deuel (4). The phospholipides were 


hydrolyzed by refluxing with 20 ml. of 6 nN HCl for 24 to 48 hours. The 
excess HCl] was removed by repeated evaporation to dryness in vacuo at 
) 40-50°. The hydrolysate was finally taken up in a small volume of water, 
extracted several times with petroleum ether to remove the lipide mate- 
; rials, filtered, evaporated to dryness once more, and the residue taken up 
ee ina small volume (1 to 2 ml.) of water. 1 to 4 drops of the solution (wet- 
ting an area not more than 5 mm. in diameter) were placed 1 inch from the 
bottom of the filter paper, which was dried in air. The paper was stapled 
nt together to form a cylinder in a manner such that the edges did not touch, 
id and was then placed in a 6 X 18 inch cylindrical glass jar containing 50 
ml. of the solvent for development. At least nine spots could be placed 
1e on a single sheet of paper. Inown amino acids were spotted in a similar 
re manner as the unknown at concentrations of 0.1 to 1.0 ¥. 
n. Whatman filter paper No. 1, 11} X 16 inches, was employed throughout 
za the study. Phenol-water (80:20 v/v) was the routine solvent used, al- 
- though the results were checked with n-butanol-acetic acid-water (250: 60: - 


ys 250, v/v/v) (7). After the ascending chromatogram had developed 
id overnight at 30° to within 1 or 2 inches of the top of the filter paper, the 
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chromatogram was dried in air at room temperature (22—28°) and the 
amino acid spots were detected by spraying with 0.2 per cent ninhydrin 
in n-butanol. The color may be developed at room temperature for 12 to 18 
hours or at 80° for 5 to 10 minutes. Other methods for detecting amino 
acids, as described by Block et al. (7), were tried, but the method described 
above proved most satisfactory. Choline was determined by the method 
of Levine and Chargaff (8) with n-butanol-diethylene glycol-water (4: 1:1, 
v/v/v) to develop the chromatogram and with phosphomolybdic acid, 
butanol, water, and stannous chloride solutions to detect the spots. 
From 45.8 gm. of dry weight of P. chrysogenum 47-133SL5 extracted 
with 400 ml. of an ethanol-benzene solvent, 1.5076 gm. of an ether-soluble 
lipide fraction were obtained. ‘The lipide was found to be composed (gm. 


TaBLeE IV 


Rp Values X 100 of Water-Soluble Hydrolysate of Cephalin Fraction Obtained 
from P. chrysogenum 


Amino acids Phenol-water, 30° 
Unknown cephalin Spot 1 54 56 24 
3 20 20 g 
I-thanolamine 77 Streak 79 Streak 27 
Tyrosine 56 58 30 
pL-Serine 33 34 13 
L-Cystine 21 22 | 6 


Kach value is an average of not less than four determinations. 


per 100 gm.) of the following fractions: petroleum-ether soluble, 3.26; ace- 
tone-insoluble, ethanol-soluble (lecithin), 0.23; acetone-insoluble, ethanol- 
insoluble (cephalin), 0.3; acetone-soluble, ether-soluble residue, 2.37. 
Paper chromatograms of the water-soluble fraction of the hydrolyzed 
cephalin indicated that there are at least three amino acids present. I[th- 
anolamine was present but was soluble in ethanol. In Table IV are the 
Ry values of the amino acids hydrolyzed from the cephalin fraction as 
compared with known amino acids. Only those with the identity of the 
amino acids derived from cephalin are shown. We have been unable to 
identify the other spots with any of the common amino acids. Cephalin 
Spot 2, having an Ry value of 0.33 to 0.34 when phenol-water was used as 
the solvent, corresponds with the Ry value found for serine. Cephalin 
Spot 1 corresponds closely with the Ry values obtained with tyrosine. 
An area of the developed paper chromatogram, corresponding to the spot 
having the FP, value of 0.54, was cut out and eluted with water for 18 hours. 


=~ o~ lawl an ~ a 
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The eluted material had an ultraviolet adsorption peak at 270 my which 
was identical with that of tyrosine under similar conditions. 

Cephalin Spot 1 corresponds closely with that obtained from L-cystine. 
However, the addition of 5 ue. of S**-labeled methionine per 100 ml. of 
culture medium did not result in any radioactivity at this Ry value. 

The ethanol-soluble lecithin fraction contained choline (A, value 0.25) 
in addition to seven amino acids or compounds with a visible color with 
ninhydrin. The Ry values of the compounds were 0.75, 0.65, 0.58, 0.45, 
0.39, 0.28, and 0.21. The spot having the Rp value of 0.75 is known to be 
ethanolamine (colamine) as it was present in the cephalin fraction before 
repeated extraction with ethanol. These results clearly show that either 
the phospholipides of P. chrysogenum are more complex than those pre- 
viously described or that the lipoproteins of the cells are closely bound with 
the phospholipides. 

The ether-soluble or fatty acid portion of the phospholipides, hydrolyzed 
for only a short period of time (1 to 2 hours), was composed exclusively of 
linoleic acid, as indicated by paper chromatograms. In every instance 
the unknown spot correlated with that of linoleic acid. The iodine num- 
bers of the ether-soluble fractions ranged from 110 to 140. 


DISCUSSION 


These results show that higher unsaturated fatty acids are not only easily 
oxidized by P. chrysogenum Q-176 but also have a marked effect on the 
oxidation of other substrates. ‘The increase in glucose oxidation as well as 
an increase in the oxidation of the fatty acids themselves is of primary 
interest. These results parallel those of Rolinson and Lumb (2) to the 
extent that the rate of oxidation of oleic and stearic acids is the same fora 
short period of time. The oxidation of oleic acid, however, eventually 
increases markedly over that of stearic acid. The same was true when the 
mold was grown in the presence of stearic acid or in the absence of fatty 
acids. It was surprising to find that the oxidation of stearic acid was in- 
creased when the mold was grown in the presence of oleic acid. The rate 
of stearic acid oxidation was not altered when stearic acid was added to 
the growth medium. 

P. chrysogenum strains Q-176 and 47-133SL5 are capable of synthesizing 
large quantities of an unsaturated fatty acid which appears to be adequate 
for normal metabolic functions of the molds. It is evident, however, that 
the molds require additional unsaturated fatty acids for increased peni- 
cillin yields. Regardless of the unsaturated fatty acid (7.e. oleic acid, 
linolenic acid, corn oil, lard oil, etc.) added to the growth medium, the 
mold appears to convert at least the major portion to linoleic acid and 
incorporates it into its cellular metabolic processes. 


he 
rin 
18 
ino 
ved 
od 
‘1, 
‘id, 
ed 
ble 
m. 
d 
id- 
ol- 
ed 
h- 
he 
as 
he 
to 
in 
as 
in 
ot 


860 LIPIDES OF PENICILLIUM CHRYSOGENUM 


The phospholipides of P. chrysogenum were found to be more compli- 
cated than those described from other plants or animals. Serine, ethanol- 
amine, and choline were present in the cephalin and lecithin fractions, re- 
spectively. In addition to these nitrogen-containing compounds, however, 
tyrosine and one other amino acid were present in the cephalin fraction, 
even after repeated precipitation in acetone and ethanol and water extrac- 
tions, indicating that these compounds are either a part of, or are closely 
bound with, the phospholipides. The lecithin fraction, composed of the 
ethanol extracts, contains, in addition to choline and the ethanol-soluble 
ethanolamine, six compounds giving a colored reaction with ninhydrin 
after repeated precipitation in acetone. ‘This again indicates that these 
compounds are closely associated with the phospholipides. - 

These experiments were repeated on at least six preparations of phos- 
pholipides extracted from dried mold cells with similar results. Addi- 
tional purification by repeated precipitation in acetone did not alter the 
results. 

The large numbers of nitrogen-containing compounds present in the 
phospholipide fraction would seem to indicate that the phospholipides pos- 
sibly not only serve to transport fatty acids across the cell membrane but 
also aid in the transport of amino acids. The presence of linoleic acid 
may well aid in the oxidative processes of the cel] acting as a hydrogen 
acceptor. 

Additional experiments are under way to investigate the phospholipides 
of other microorganisms as wel] as normal and abnormal tissues and to 
determine the possible role these lipides play in immunological processes 
of transporting antigenic components across the cell membrane. 


SUMMARY 


The rate of oxidation of glucose and of unsaturated and saturated fatty 
acids by Penicillium chrysogenum Q-176 is markedly increased when the 
mold is grown in the presence of oleic acid or other unsaturated, long chain 
fatty acids. The analogous saturated fatty acids are ineffective in this 
respect. 

P. chrysogenum strains Q-176 and 47-133SL5 are capable of synthesizing 
large quantities of linoleic acid. When long chain unsaturated fatty acids 
(10 to 100 mg.) are added to the culture medium, approximately 35 to 45 
per cent are oxidized, while 60 to 65 per cent are apparently converted to 
linoleic acid which can be recovered from the mold mycelium. 

The phospholipides obtained from P. chrysogenum strains Q-176 and 
47-133SL5 are apparently more complex than those described from other 
sources. The fatty acid portion of the phospholipide is predominantly, 
if not exclusively, linoleic acid. The cephalin fraction contains serine, 
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ethanolamine, tyrosine, and an unidentified amino acid having an FR, value 
(phenol-water) of 0.20 after repeated extraction with ethanol. The lecithin 
fraction after hydrolysis contained, in addition to choline, seven compounds 
which gave a color reaction with ninhydrin, indicating that there are sev- 
eral nitrogen-containing compounds closely bound to this fraction. 


oe 
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EFFECT OF FURACIN ON THE DISSIMILATION OF PYRUVATE 
AND FORMATE BY CELL-FREE EXTRACTS OF BACTERIA* 


By ROBERT E. ASNIS, MARY CATHERINE GLICK, ann MARYANN FRITZ 


(From the Department of Microbiology, School of Medicine, University of Pennsylvania, 
Philadelphia, Pennsylvania) 
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Previously it has been shown that Furacin (5-nitro-2-furaldehyde semi- 
carbazone) inhibited the dismutation of pyruvate by whole resting cells 
of Micrococcus pyogenes var. aureus (1). Other earlier studies have also 
shown that both pyruvate dismutation and the formation of acetylmethy]- 
carbinol (AMC) by cell-free extracts of pigeon breast muscle were mark- 
edly inhibited by Furacin (2). We are reporting here further investiga- 
tion by us of the effects of Furacin on dissimilation of pyruvate and 
formate by cell-free extracts of bacteria. 


Materials and Methods 


As previously described (3), sonic lysates of Escherichia coli were pre- 
pared from 16 hour cultures and the cells were grown in amounts of tryp- 
tone broth for all but the studies of dismutative and phosphoroclastic 
activity. Sonic lysates for these studies were prepared from 16 hour cul- 
tures grown on a tryptone-yeast extract agar in Roux flasks. This agar 
contained 1.0 per cent Bacto-tryptone, 10 per cent Bacto-yeast extract, 
0.4 per cent K,HPO,, 2.5 per cent agar, and 0.5 per cent glucose, which 
was added after autoclaving. The sonic lysates used for all of the studies 
described here were freed from crude debris by centrifugation for 45 min- 
utes at 13,000 r.p.m. (10,000 X g) in a Spinco refrigerated centrifuge, model 
L. Those lysates used for dismutative and phosphoroclastic activities 
were then centrifuged further for 45 minutes at 40,000 r.p.m. (105,000 
g) to remove most of the remaining particulate fraction. The enzyme 
preparations used for AMC-forming activity were prepared from Strepto- 
coccus faecalis strain 10C1 by a method previously described (4). 

Rates of dismutative and AMC-forming activity were measured in terms 
of CO. evolved in a Warburg microrespirometer under an atmosphere of 
nitrogen. Corrections were made for the COs retained in the phosphate 
buffer. Dismutative activity was confirmed by analysis of the reaction 
mixtures for pyruvate utilized by the method of Lu as modified by Bueding 
and Wortis (5), and for lactie acid produced according to the procedure of 


* This work was made possible by grants from the Eaton Laboratories Division, 
the Norwich Pharmacal Company, Norwich, New York. 
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Barker and Summerson (6). AMC formation was confirmed by analyzing 
reaction mixtures for pyruvate utilized by the method mentioned above 
and for AMC formed by a procedure described by Dolin and Gunsalus (4). 
Aerobic oxidation of pyruvate and of formate was measured in terms of 
OQ. uptake in a Warburg microrespirometer. Phosphoroclastic activity 
was measured by a method described previously (7), and hydrogenlyase 
activity in terms of Hy» evolution in a Warburg microrespirometer under 
nitrogen. 

All of the reaction systems used in the Warburg apparatus were con- 
tained in a total volume of 6.0 ml. with 200 umoles of substrate buffered 
with 1.0 ml. of 0.2 M phosphate buffer. The systems for dismutation of 
pyruvate contained 1.0 ml. of enzyme, 1.0 mg. of diphosphopyridine nu- 
cleotide (DPN), and 60 Lipmann units of coenzyme A, and were buffered 
at pH 6.0. The hydrogenlyase reaction systems contained 0.75 ml. of 
enzyme preparation, 20 y of cocarboxylase, and 2.5 umoles of MgCle, and 
were buffered at pH 6.4. The AMC-forming systems contained 1.0 ml. 
of enzyme preparation, 20 y of cocarboxylase, and 2.5 uymoles of MgCh, 
and were buffered at pH 6.5. The systems for aerobic oxidation of pyru- 
vate and formate contained 0.5 ml. of enzyme preparation, and the aerobic 
pyruvate-oxidizing system contained, in addition, 1.0 mg. of DPN. Both 
of these systems were buffered at pH 7.2. The phosphoroclastic reaction 
systems contained 2.0 ml. of enzyme preparation, 2.0 ml. of 0.2 mM phos- 
phate buffer, pH 7.4, and 400 uwmoles of substrate in a total volume of 8.0 
ml. placed in Thunberg tubes under nitrogen. 

As can be seen, differing concentrations of the same cell-free prepara- 
tions from £. coli were used to study the dismutative and the phosphoro- 
clastic dissimilations of pyruvate. However, at the pH and enzyme dilu- 
tion used, there was no measurable phosphoroclastic activity and the only 
gas produced from pyruvate dissimilation was CO... For phosphoroclastic 
activity, a 1:4 final dilution of the cell-free preparation was used. With 
this dilution, 40 to 45 per cent of the pyruvate utilized was dissimilated via 
the phosphoroclastic system. Most of the remainder of the pyruvate uti- 
lized was dissimilated by the dismutative system present in the enzyme 
preparation. We were unable to separate further the phosphoroclastic 
activity from this dismutative activity. 


Results 


The effects of Furacin on the various pyruvate dissimilating systems are 
shown in Table I. As can be seen, pyruvate dismutation was the most 
sensitive reaction. The effects of varying dilutions of Furacin on the dis- 
mutative reaction are shown in Fig. 1. Furacin-reducing activity was 
always present in the systems utilized for dismutation. Such Furacin 
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ing TaBLeE I 
ove Effect of Furacin on Cell-Free Pyruvate- and Formate-Dissimilating Systems 
(4). 
of Py Source of system Substrate used of 
‘ity 
M 
ase Dismutative E. coli Pyruvate 1 x 10-4 100 
on- Phosphoroclastic 2.5 X 10-4 100 
1.25 X 10-4 16 
‘ AMC-forming S. faecalis 5 10- 80 
of Aerobic oxidative | P. vulgaris ” 5 x 10-4 0 
Phosphoroclastic C. butyricum 5 10 0 
red Carboxylase Saccharomyces cerevi- 7 28 
of siae 
ail Hydrogenlyase E. coli Formate 5 xX 10-4 100 
3.3 xX 10-4 60 
Aerobic oxidative “ 5 xX 10% 0 
ru- A 5 X 10-4 mM concentration of Furacin was the maximal concentration that was 
bie readily attainable in the reaction mixtures used. 
th 500 T T T ’ T T 
on 
450 + 
8.0) 
400 + - 
is] 
rO- 350 
ily 300 
tic 
la 
oO 
ti- 200 
ne = 
150 
100 
50 
re 
- 0 20 40 60 80 100 120 
“i MINUTES 
“i Fig. 1. Furacin inhibition of pyruvate dismutation by EF. coli extracts. X, no 
In Furacin; 2.5 10°9mM; A, 5 uM; O,1 X& 10°4M; and @, 2 X 10-4 m Furacin. 
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reduction (Fig. 1) resulted in the eventual reversal of inhibition by the 
lower concentrations of Furacin, indicating that the inhibition was de- 
pendent upon the presence of the intact Furacin molecule. Inhibition of 
pyruvate dismutation was not antagonized by addition to the reaction 
system of cocarboxylase or magnesium or of larger amounts of pyruvate, 
DPN, or coenzyme A than were regularly used. A number of metal salts 
were also tried as possible antagonists of the dismutative reaction. Final 
concentrations of 1 XK 10-4 mM FeCl;, MnCl, CoSO,, ZnSO, NazMo0Q,, 
and 1 & 10-® m CuSO, failed to antagonize the inhibition. Pyruvate dis- 
mutation by cell-free extracts of a Furacin-resistant strain of EF. coli was 
just as much inhibited by Furacin as was dismutation by identically pre- 
pared extracts from the parent susceptible strain. 

In the earlier studies with extracts of pigeon breast muscle, it was found 
that Furacin inhibition of AMC formation by these extracts occurred only 
under anaerobic conditions and was completely absent under aerobic con- 
ditions (2). Furacin inhibition of our AMC-forming preparation from S. 
faecalis also occurred only in an atmosphere of nitrogen and was com- 
pletely absent in an atmosphere of air or of oxygen. Furthermore, when 
an atmosphere of nitrogen was replaced with one of air, the Furacin in- 
hibition was reversed and AMC formation occurred at almost the rate of 
the uninhibited control (Fig. 2). There was never any measurable oxygen 
uptake or reduction of Furacin in these AMC-forming systems, and under 
all conditions whereby AMC was formed the ratio of AMC formed to 
CQO, evolved to pyruvate utilized was always 1:2:2, indicating that AMC 
formation was always via the same metabolic pathway. It is believed 
that this pathway in S. faecalis involves the formation of acetolactic acid, 
which is then decarboxylated to AMC by an active acetolactie acid de- 
carboxylase present in the cell-free preparations of S. faecalis (4). The 
effect of Furacin on this acetolactic acid decarboxylase was therefore in- 
vestigated. A 5 X 107-4 mM concentration of Furacin was without effect 
on this enzyme. 

As shown in Table I, a 2.5 &K 10-4 mM concentration of Furacin com- 
pletely inhibited the phosphoroclastic dissimilation of pyruvate to formate 
and acetate by cell-free extracts of /. colt. 

Under optimal conditions aerobic oxidation of pyruvate by cell-free ex- 
tracts of /. coli was not inhibited by as much as 5 X 10-*m Furacin (Ta- 
ble I). Optimal aerobic oxidative activity could be shown to depend upon 
at least three easily separable components; v7z., the soluble fraction of the 
extract, DPN, and a cytochrome-containing particulate fraction, most of 
which could be separated from the extract by centrifugation for 45 min- 
utes at 40,000 r.p.m. (105,000 * g) ina Spinco centrifuge, model L. When 
the oxidative activity was markedly lowered by suboptimal amounts of 
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either the particulate fraction or DPN, some inhibition (20 to 30 per cent) 
did occur with 5 XK 107-4 Mm Furacin. 

Included in Table I are the results of studies carried out in the labora- 
tories of Dr. D. J. O’Kane on the effects of Furacin on the aerobic oxida- 
tion of pyruvate by a partially purified extract of Proteus vulgaris' and on 


«Atmosphere — nitrogen ———* [F-Atmosphere — air——> 
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Fic. 2. Reversal by air of Furacin inhibition of AMC formation by extracts of 
S. faecalis. ©O,no Furacin; A,1 X 10-4M; and X,5 X 10-*m Furacin. Segments of 
the broken line indicate the time required to replace 1 atmosphere of nitrogen with 
1 of air. 
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the phosphoroclastic dissimilation of pyruvate by extracts of Clostridium 
butyricum (8). As can be seen, neither of these reactions was inhibited 
by 5 X 10-*m Furacin. Also in Table I are the previously reported effects 
of Furacin on yeast carboxylase (9). A 5 X 10-4 concentration of Fura- 
cin completely inhibited anaerobic dissimilation of formate by the hydro- 
genlyase system, but was without effect on the aerobic oxidation of formate 
by extracts of E.coli. The inhibition of hydrogenlyase activity by Furacin 
is of some interest in that cocarboxylase and magnesium have been shown 


1 Moyed, H.S., and O’Kane, D. J., personal communication. 
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to stimulate this activity (10). Thus the hydrogenlyase system may in- 
volve these substances as cofactors, as do the pyruvate-dissimilating sys- 
tems which are inhibited by Furacin (4, 11-13). 


DISCUSSION 


The inhibition of a number of bacterial pyruvate-dissimilating systems 
by Furacin, under anaerobic conditions, suggests that such inhibition may 
play some role in the antibacterial action of Furacin under anaerobic con- 
ditions. However, neither of the aerobic pyruvate-oxidizing systems in- 
vestigated was inhibited by Furacin, indicating that Furacin does not 
interfere with the bacterial dissimilation of pyruvate under aerobic condi- 
tions. It should also be noted that pyruvate dismutation by extracts of 
Furacin-resistant cells was just as sensitive to Furacin as dismutation by 
extracts of the parent susceptible cells, and that the effects of Furacin on 
this reaction cannot, therefore, be involved in the development of resist- 
ance. 

It is of some interest that all those pyruvate-dissimilating systems and 
the hydrogenlyase system which were inhibited to varying degrees by 
Furacin apparently involve cocarboxylase and magnesium as cofactors. 
However, three of the pyruvate-dissimilating systems which also involve 
cocarboxylase and magnesium as cofactors (8, 14, 15) could not be shown 
to be inhibited by Furacin. 


SUMMARY 


The effects of Furacin on pyruvate and formate dissimilation by bac- 
terial cell-free extracts have been studied. Furacin inhibited pyruvate 
dissimilation to varying degrees, depending upon the cell-free enzyme 
system studied. Pyruvate dismutation by extracts of Escherichia coli was 
the most sensitive reaction and was completely inhibited by 1 XK 10°‘ 
Furacin. The phosphoroclastic system of EF. coli was 100 per cent in- 
hibited by 2.5 K 10-4 m Furacin, and the acetylmethylearbinol (AMC)- 
forming system of Streptococcus faecalis was 80 per cent inhibited by 5 X 
10-* m Furacin. The aerobic oxidation of pyruvate by extracts of Proteus 
vulgaris and of F. coli and the phosphoroclastic dissimilation of pyruvate 
by Clostridium butyricum were not measurably inhibited by maximal at- 
tainable (5 X 10-4 mM) concentrations of Furacin. Anaerobic dissimilation 
of formate by the hydrogenlyase system of EF. coli was completely inhibited 
by 5 X 10°-*m Furacin, but the aerobic oxidation of formate by extracts 
of /. colt was not at all inhibited by this concentration of Furacin. 

It was also observed that inhibition of the AMC-forming system in ex- 
tracts of S. faecalis was antagonized by oxygen, although there was no 
measurable utilization of oxygen or reduction of Furacin by this system. 


in- 
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A NEW METHOD FOR THE ISOLATION OF L-ALANINE 
AND 1L-PROLINE FROM PROTEIN HYDROLYSATES 


By A. S. M. SELIM, M. E. A. RAMADAN, anp M. M. EL-SADR 


(From the Department of Biochemistry, Abbassia Faculty of Medicine, Ein Shams 
University, Cairo, Egypt) 


(Received for publication, February 11, 1957) 


The present investigation deals with the development of a convenient 
method for the isolation of alanine and proline from protein hydrolysates. 
In this work the authors aim to eliminate some of the objections inherent 
in the older methods (1-6). No expensive reagents are required for the 
separation of these amino acids, and high yields of the pure final products 
are secured. In a recent publication from this laboratory (7), a new 
method has been described for the isolation of glycine from protein hy- 
drolysates by its direct precipitation as a complex salt with copper picrate. 
Subsequent work in this field has indicated that other heavy metal picrates 
yield complexes with amino acids sufficiently insoluble to offer the possi- 
bility that these substances may be used as precipitants for a variety of 
amino acids. Of the various metallic picrates tested, those of the alkaline 
earths have proved particularly valuable in this direction. It has been 
previously reported (7) that preliminary experiments with calcium picrate 
have demonstrated that this reagent forms highly insoluble complexes 
with a number of amino acids. Further study of the conditions under 
which this picrate can be employed as a precipitant for certain individual 
amino acids is still in progress. 

In the present article the investigation has been extended to include the 
study of the behavior of strontium picrate towards a-amino acids. It 
has been found that of the amino acids normally occurring in a protein 
hydrolysate only glycine, alanine, proline, phenylalanine, tryptophan, 
lysine, and arginine form sparingly soluble complex salts when treated 
with strontium picrate under the experimental conditions employed. The 
properties of both the alanine and proline complex salts with strontium 
picrate have been examined in some detail. Analysis of each of these com- 
plexes proved it to be composed of 1 mole of the amino acid combined with 
1 mole of strontium picrate. These complexes are readily obtained from 
aqueous solutions containing the two components in equimolar ratio. 
They crystallize quickly from hot water in clusters of yellow needles. 
Alanine- and proline-strontium picrate complexes are soluble in water to 
the extent of 1.25 and 1.20 gm. per 100 ml. at 0°, respectively. Experi- 
ments with aqueous solutions of known alanine or proline content have 
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indicated that under optimal conditions these amino acids can be recoy- 
ered from solutions to the extent of 96 to 97 per cent by treatment with 
strontium picrate. 

The above findings suggest that use could be made of the sparingly solu- 
ble strontium picrate complexes of alanine and proline for the separation 
of these amino acids from the other hydrolysis products of proteins. From 
the behavior of strontium picrate, however, it is obvious that the employ- 
ment of this reagent as a precipitant for alanine and proline necessitates 
that protein hydrolysates should previously be freed of the aromatic and 
basic amino acids and glycine. The aromatic amino acids can readily be 
separated from the other components of protein hydrolysates by making 
use of the fact that these amino acids are strongly adsorbed by active char- 
coal (8-11). The removal of the basic amino acids can efficiently be ac- 
complished by the method described by Robson and Selim (11), which is 
based on the finding that the basic amino acid picrates are markedly ad- 
sorbed by active charcoal. Charcoal chromatography has accordingly 
been employed for the quantitative removal of the aromatic and basic 
amino acids in a single operation. Glycine is readily removed from pro- 
tein hydrolysates by its precipitation with copper picrate (7). Treatment 
of the protein hydrolysate, after being freed of glycine and aromatic and 
basic amino acids, with strontium picrate results in the precipitation of 
alanine and proline together as the strontium picrate complex salts. The 
free amino acids can be recovered from their complexes by decomposition 
with acids. The separation of alanine and proline from each other is 
effected by treatment with ethanol. 

These facts furnish the essential basis of the present method. The 
adequacy of the procedure for the isolation of alanine and proline was 
demonstrated by analyzing three proteins, gelatin, zein, and silk fibroin. 
In each case the amino acids were obtained in high yields and good purity. 


EXPERIMENTAL 
Materials 


The proteins studied were gelatin (E. Merck, Darmstadt) (N, 16.85 per 
cent of moisture- and ash-free protein; moisture, 15 per cent; ash, 2 per 
cent), zein (N, 16.4 per cent of moisture- and ash-free protein; moisture, 
8 per cent; ash, 0.4 per cent), and silk fibroin (N, 18.68 per cent of moisture- 
and ash-free protein; moisture, 8.2 per cent; ash, 0.15 per cent) which was 
prepared from technically degummed white silk of Italian origin. The 
sericin was removed by repeated extraction of the material with water in 
an autoclave at 135°. The product was finally washed with acetone and 
ether. 
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Charcoal (The British Drug Houses, Ltd., active decolorizing charcoal) 
was purified by the procedure previously reported (11). It was further 
treated before use with 5 per cent acetic acid. Copper picrate was pre- 
pared as described before (7). Strontium picrate (Sr(CsH20-N 3)2°5H2O) 
was prepared by treatment of a suspension of picric acid in hot water with 
an excess of pure strontium carbonate and filtration of the mixture while 
hot. After cooling to 0°, the resulting yellow crystalline precipitate of 
strontium picrate was collected and recrystallized from hot water and 
finally air-dried. 

All reagents were analytically pure. 


Isolation of Alanine and Proline from Gelatin Hydrolysates 


All inorganic precipitates encountered throughout the procedure were 
carefully washed. Gelatin (200 gm.) was hydrolyzed with 2 liters of 6 N 
HCl. The bulk of the acid was removed by repeated evaporation with 
water. The final residue was diluted to about 1 liter with water, and the 
remaining HCl was removed by treatment with HoSO, and CuO. The 
CueCle precipitate was filtered off, and the filtrate was freed of the excess 
cuprous ions by H.S. Most of the H2SO, was next removed by neutraliz- 
ing the acid solution to litmus with Ca(OH)... The SO, and Ca ions, still 
in solution, were successively taken out by the requisite quantities of 
Ba(OH), and oxalie acid. 

Removal of Aromatic and Basic Amino Acids—The hydrolysate, freed 
from the inorganic ions, was made up to 10 liters with water and then 
treated with picric acid (160 gm.). The mixture was divided into two 
equal portions, and each was applied to a column packed with 500 gm. of 
charcoal (tube internal diameter, 9 cm.) at a rate of approximately 1 liter 
per hour, the whole operation being carried out in a cold room. Each 
column was further washed with water until the effluent gave a negative 
ninhydrin reaction. The combined percolate and washings from each col- 
umn (about 15 liters) were colorless and completely free from aromatic 
and basic amino acids. 

Removal of Glycine—The combined eluates from the two columns were 
concentrated to about 4 liters, and the NH; was removed by treatment 
with Ca(OH). and partial concentration in vacuo. Ca was then removed 
With oxalic acid, and the solution was evaporated to about 200 ml. and 
treated with a hot solution of 325 gm. of copper picrate in 250 ml. of water. 
After standing overnight at 0°, the crystalline precipitate of glycine-copper 
picrate complex was collected and washed twice with 50 ml. of an ice-cold 
5 per cent copper picrate solution. The mother liquor, on concentration 
to a small volume, yielded a small crop of the same compound. The total 
yield of the recrystallized and pure glycine-copper picrate complex was 195 
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gm., equivalent to approximately 94 per cent of the glycine present in the 
protein. 

Isolation of Alanine- and Proline-Strontium Picrate Complexes—The 
solution remaining after the removal of the glycine complex was heated 
with 200 ml. of 50 per cent (v/v) H2SO, on a steam bath for 1 hour. The 
liberated picric acid was removed by extraction with hot benzene, and the 
aqueous solution was freed from Cu by H2S and then decolorized with 
charcoal. H»SO, was next removed, and the final solution was concen- 
trated in vacuo to about 200 ml. Strontium picrate (285 gm., 5 per cent in 
excess of the amount calculated to combine with the alanine and proline 
present) was dissolved in 140 ml. of boiling water and then immediately 
added to the amino acid concentrate at boiling temperature. Crystal- 
lization of the alanine- and proline-strontium picrate complexes occurred 
instantaneously, and the mixture set nearly solidly at once. After stand- 
ing overnight at 0°, the precipitate was filtered and washed with 200 ml. 
of an ice-cold saturated strontium picrate solution. The product was 
suspended in about 200 ml. of a hot 5 per cent solution of the reagent. 
After 12 hours at 0° the solid was again collected and washed twice with 
50 ml. of the reagent. A small additional quantity of the same complex 
was secured from the filtrate by evaporation in vacuo after the addition of 
a few gm. of the reagent. 

Preparation of Proline Picrate—The strontium picrate complexes iso- 
lated were decomposed by suspending the crystals in about 1 liter of hot 
water, adding 150 ml. of 50 per cent (v/v) H2SOu,, and heating the mixture 
on a steam bath for 1 hour. The precipitated strontium sulfate and picric 
acid were filtered, and the filtrate was freed from the residual picric acid by 
extraction with benzene. The aqueous solution was decolorized with 
charcoal, and H,SO, and Sr were removed with Ba(OH)s, and 
oxalic acid, successively. The solution of free amino acids was concen- 
trated to a thin paste. To this 2 liters of ethanol were added slowly with > 
stirring, and the mixture was allowed to stand at room temperature for 
several hours. The ethanol-insoluble material was collected and _ thor- 
oughly washed with ethanol. The filtrates and washings were taken to 
dryness, and the resulting residue was taken up in absolute ethanol; a small 
portion did not redissolve and was added to the main bulk of the ethanol- 
insoluble residue. The ethanol treatment was repeated once more, and 
the final solution, on evaporation to dryness, yielded 24 gm. of solid sub- 
stance which was quite soluble in ethanol. The whole material was then 
dissolved in water, and the solution was decolorized with charcoal and 
concentrated to about 120 ml. Picric acid (50 gm.) was added to the 
boiling concentrate, and the mixture, on cooling to room temperature, set 
to a semisolid mass of proline picrate. After chilling the mixture for 12 
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hours, the picrate was collected and washed. On further concentration 
of the mother liquor, a second small crop of proline picrate was obtained. 
The whole dried product was extracted with ether to remove any excess 
picric acid and then recrystallized from hot water. The total yield of 
proline picrate was 65.7 gm., m.p. 152—154°, corresponding to 22.0 gm. of 
proline. A sample of the prepared picrate was converted into L-proline; 
[a]!8 —83.9° (c, 1.5 in water; length = 2dm.). 1 gm. of the amino acid was 
converted into a proline-strontium picrate complex, and the product was 
recrystallized from hot water. 


C;H,O.2N -Sr(C.6H207N 3)2. Calculated. C 30.98, H 1.99 14 
Found. “ 30.68, “ 1.96, “ 14.60 


Preparation of t-Alanine—The ethanol-insoluble residue remaining after 
the removal of proline was taken up in water and boiled with a little char- 
coal. The colorless filtrate was evaporated in vacuo to the crystallization 
point, and 3 volumes of hot ethanol were then added to the warm solution. 
The white crystals of L-alanine were collected and recrystallized from 
aqueous ethanol. A second small crop of alanine was recovered from the 
mother liquors and washings by further concentration and treatment with 
ethanol. The total yield of L-alanine was 14.8 gm. The amino acid was 
recrystallized once more for analysis. 


C;H,O.N. Calculated. C 40.44, H 7.92, N 15.72 
Found. “ 40.19, “ 7.99, “ 15.53 


fa] +14.5° (c, 5.2 in 6 N HCl; length = 2 dm.) 


The product was also shown to be free from other amino acids by paper 
chromatography. A sample (1 gm.) was converted into the p-toluenesul- 


' fonyl derivative by the procedure of Bergmann and Niemann (1). The 


resulting compound melted at 135-136°, reported figure 135-136° (1). A 
sample of pure alanine-strontium picrate complex was prepared from the 
L-amino acid. 


-Sr(C.H20;N3)2. Calculated. C 28.46, H 1.75, N 15.49 
Found. “ 28.40, “ 1.77, “ 15.35 


Isolation of t-Alanine and t-Proline from Zein Hydrolysates 


The aromatic and basic amino acids were removed from a hydrolysate 
of zein (200 gm.) by treatment with 12 gm. of picric acid and adsorption 
on 400 gm. of charcoal. Owing to the absence of glycine from zein, the 
preliminary separation of this amino acid was omitted. The weight of 
pure proline picrate obtained was 50 gm., equivalent to a yield of 16.7 gm. 
of proline. The yield of pure L-alanine was 16.9 gm. 
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Isolation of t-Alanine from Silk Hydrolysates 


A hydrolysate of silk fibroin (110 gm.) was freed of the aromatic and 
basic amino acids by treatment with 10 gm. of picric acid and adsorption 
on 150 gm. of charcoal. The precipitated glycine-copper picrate complex 
weighed 217 gm., corresponding to 41.8 gm. of glycine. On account of 
the low proline content of silk fibroin (0.74 gm. per cent (12)), the ethanol 
extraction of this amino acid was omitted, and alanine was directly ob- 
tained from the solution of free amino acids by precipitation with ethanol. 
The yield of pure L-alanine was 24.3 gm. 


DISCUSSION 


The results of the above experiments have demonstrated that the pres- 
ent method is capable of furnishing high yields of pure L-alanine and L-pro- 


TABLE I 
Recovery of Alanine and Proline from Proteins 
The data given are corrected for moisture and ash and calculated to 16.0 gm. of 


nitrogen. 


Gelatin Zein Silk fibroin 
Alanine Proline Alanine Proline Alanine 
per cent per cent per cent per cent 
Amino acid present. .... 9.9 (13)*| 15.3 (14) | 10.4 (15) | 10.4 (15) | 22.2 (1) 


* The figures in parentheses are the bibliographic references. 


line in the form of the pure picrate. ‘Table I shows that the recoveries of 
these amino acids from proteins are satisfactorily high. The percentages 
of alanine and proline isolated from proteins by the present procedure are 
in close agreement with those given by Stein et al. (2) and Bergmann (6), 
but are appreciably higher than the values obtained by the other methods 
(Table IT). 

Charcoal chromatography has proved its value as a convenient pro- 
cedure for the quantitative removal of the aromatic and basic amino acids 
from protein hydrolysates. The technique is extremely simple, and the 
time, manipulation, and expense involved are minimal. No attempts were 
made in the present work to prevent or minimize the catalytic influence of 
active charcoal on amino acids by poisoning the adsorbent with HCN solu- 
tion or H.S-saturated water. LKarlier experiments with charcoal which 
had been poisoned with H.S have indicated that this pretreatment of the 
adsorbent does not produce any significant effect on the results of the iso- 
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lation of alanine and proline. It would appear, however, that if the whole 
process is carried out at 0° and at high rates of liquid flow, there is hardly 
any risk of the catalytic effect of charcoal playing an important role. 

It has been found that the presence of appreciable amounts of NH; in 
the protein hydrolysate tends to lower the yields of alanine and proline by 
interfering with the precipitation of their strontium picrate complex salts 
through the formation of ammonium picrate. It is advisable, therefore, 
to remove the ammonia before proceeding with the precipitation of these 
amino acids with strontium picrate. 

It should be noted that, although the ethanol extraction of proline offers 
a ready means of effecting a complete separation of this amino acid from 


TaBLeE II 
Amounts of Alanine and Proline Isolated from Protein Hydrolysates by Present Method 
Compared with Previously Reported Figures 
The data given are corrected for moisture and ash and calculated to 16.0 gm. of 
nitrogen. 


Amino acid per 100 gm. protein 
Protein Amino acid 
one Other methods 
gm. i gm. 
Gelatin Alanine 8.5 7.7 (16)* 
Proline 12.6 13.1 (6), 8.5 (16) 
Zein Alanine 9.0 5 (5) 
Proline 8.9 7.1 (5) 
Silk fibroin Alanine 20.6 20.2 (2), 16.8 (17) 


* The figures in parentheses are the bibliographic references. 


alanine, the proline prepared in this way is always contaminated with 
traces of alanine which could not be removed by further treatment with 
ethanol. Accordingly, it has been found necessary first to isolate proline 
as the picrate in order to obtain the amino acid in a pure state. 


SUMMARY 


1. A new method for the isolation of L-alanine and L-proline from pro- 
tein hydrolysates is described. It is based on the fact that when a pro- 
tein hydrolysate, previously freed from the aromatic and basic amino acids 
and glycine, is treated with strontium picrate, only alanine and proline 
are precipitated as complex salts with this reagent. 

2. The removal of the aromatic and basic amino acids is effectively per- 
formed by their adsorption in the presence of picric acid by active charcoal 
columns. Glycine is readily removed by its precipitation with copper 
picrate. 
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3. L-Alanine and L-proline in the form of the picrate have been isolated 


in high yields and good purity from gelatin, zein, and silk fibroin hydrol- 
ysates by the present method. 


4. The new procedure possesses the advantages that it does not involve 


the use of any expensive reagent or the need for special equipment. The 
alanine- and proline-strontium picrate complexes are readily decomposed 
by acids, and picric acid can easily be recovered. 
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INHIBITION OF PROSTATIC ACID PHOSPHATASE BY 
a-HY DROXYCARBOXYLIC ACIDS* 


By GRACE 8S. KILSHEIMER ann BERNARD AXELROD 
(From the Department of Biochemistry, Purdue University, Lafayette, Indiana) 


(Received for publication, February 11, 1957) 


The observation by Abul-Fadl and King (2) that (+)-tartaric acid! but 
not meso- or (— )-tartaric acid is a potent inhibitor of prostatic acid phos- 
phatase has been verified by a number of workers; however, aside from 
the work by the original investigators and some studies by Anagnosto- 
poulos (3) and Tsuboi and Hudson (4), the inhibitor has not been exten- 
sively studied. Since tartaric acid, at first glance, shows no simple rela- 
tionship to the substrates of prostatic acid phosphatase (a broad group of 
phosphomonoesters of hydroxy and amino compounds), it is remarkable 
that it should show such stereospecificity as a competitive inhibitor. This 
phenomenon is of particular interest in attempting to elucidate the nature 
of the active site of the enzyme. 

As a first approach, we have tested a number of hydroxycarboxylic 
acids and have found that the ability of a compound to inhibit is indeed 
a stereospecific property and is not limited to tartaric acid. In addition, 
some chemically modified derivatives of tartaric acid have been studied. 
The effect of the nature of the substrate and of the pH of the reaction 
mixture upon the inhibition has also been examined. 


Methods 


Method of Assay—The nitrophenyl phosphate method of Ohmori (5) 
modified by Axelrod (6) was used to test compounds as inhibitors of pros- 


* Journal Paper No. 1072 of the Purdue University Agricultural Experiment Sta- 
tion. 

A preliminary report was presented before the Forty-seventh annual meeting of 
the American Society of Biological Chemists at Atlantic City, 1956 (1). A portion 
of this work was taken from the thesis of Grace 8. Kilsheimer submitted in partial 
fulfilment of the requirements for the degree of Master of Science. 

1 The designation of configurational families by the use of the prefix p or L can 
lead to confusion when applied to the enantiomorphic forms of tartaric acid, owing 
to the lack of general agreement on nomenclature. In order to avoid ambiguities 
the term ‘‘(+)-tartaric acid’’ is used to designate the common dextrorotatory isomer 
and ‘‘(—)-tartaric acid’’ its enantiomorph. The problem of nomenclature of these 
compounds has been discussed by Vickery and Palmer (23). The actual configura- 
tions of the 2 asymmetric atoms, which are of course identical, have been shown 
by Bijvoet et al. (24) to be the same as that of p-glyceraldehyde, the standard refer- 
ence substance. 
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tatic acid phosphatase. The reaction mixture consisted of 2.0 ml. of p- 
nitrophenyl phosphate (0.015 m in 0.1125 m acetate buffer, pH 5.0), 2.0 
ml. of H2O or inhibitor (adjusted to pH 5.0), and 0.5 ml. of enzyme solu- 
tion containing about 0.044 unit of enzyme. 1 unit of enzyme for the 
purpose of this paper is that quantity of enzyme which will liberate 1.0 
umole of nitrophenol per ml. of reaction mixture per minute. After tem- 
perature equilibration (37.5°), the enzyme was added and an aliquot was 
immediately removed and added to 0.2 n NaOH for the ‘zero time” 
blank. A second aliquot was removed after a 15 minute incubation 
period. The quantity of liberated nitrophenol was determined by meas- 
uring the optical density of the yellow alkaline solution in an Evelyn 
colorimeter with a 400 my filter. Under these conditions the amount of 
hydrolysis was linear with time. When lower concentrations of substrate 
were used, as, for instance, in the determination of K,,, the time of hydrol- 
ysis and the enzyme concentration were adjusted to maintain linearity of 
hydrolysis with time. 

The rate of hydrolysis of the other substrates was determined by meas- 
uring the liberated inorganic phosphate, by Allen’s method (7), except in 
the case of acetyl phosphate for which the hydroxamic acid method of 
Lipmann and Tuttle (8) was employed. In all cases, time of digestion 
and enzyme concentration were so adjusted as to give a close approxima- 
tion of initial rates. 

Enzyme Preparation—The enzyme solution used was an aqueous extract 
of human prostate glands. It was very stable and low dilutions could be 
stored in the refrigerator for at least 1 month at 5° without loss of activity. 

Substrates—Commercial preparations of disodium #-glycerophosphate 
and the adenosine monophosphates were used. The disodium salt of 
p-nitrophenyl phosphate was prepared by the method of Bessey and Love 
(9) and purified as described by Aschaffenburg (10). Free p-phospho- 
glyceric acid was obtained from the barium salt (commercial preparation) 
by precipitation of the barium with K.SO,. The dilithium salt of acetyl 
phosphate was prepared by using isopropenyl acetate according to the 
procedure of Stadtman and Lipmann (11). 

Inhibitors—n-(+-)-Glyceric acid was prepared by hydrolyzing p-phos- 
phoglyceric acid with a bovine intestinal phosphatase preparation (com- 
mercial) at pH 9.2. After 3 days at 37°, hydrolysis was 95 per cent com- 
plete. The v-(+)-glyceric acid was isolated from the acidified reaction 
mixture by continuous extraction with ether. The ether was evaporated 
and the sirup obtained was diluted with water and titrated to determine 
the concentration of glyceric acid. 

Monoethyl-(+)-tartaric acid was prepared from (+)-tartaric acid by 
an adaptation of the method of Guérin-Varry (12). 5 gm. of tartaric acid 


id 
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were dissolved in 25 ml. of absolute ethanol. The mixture was then evap- 
orated to about two-thirds of its original volume on the steam bath. The 
sirup was diluted with water and allowed to stand on the steam bath until 
crystallization occurred. Contaminating tartaric acid was separated 
from the monvethyl ester by paper chromatography with solvent F of 
Stark et al. (13) followed by elution with water. The final product was 
chromatographically pure. 

L-(+)-Threonic acid was prepared from L-(+)-threose by the method 
of Moore and Link (14). The L-(+)-threose was obtained from L-(—)- 
xylose via the diethyl sulfone by the method of Hough and Taylor (15). 
pu-Glyceric acid, meso-tartaric acid, and p-(—)- and L-(+)-lactie acids 
were obtained from commercial preparations of the calcium salts by treat- 
ment with Dowex 50. 

Hydroxypyruvie acid was made by the procedure of Sprinson and 
Chargaff (16). 

The salts of L-(—)-arabonic, D-(+)-arabonic, D-(+)-xylonic, and p-(+)- 
ribonic acids were prepared from the corresponding aldoses by the method 
of Moore and Link (14). The free acids were obtained by treating the 
salt with Dowex 50. All the other substances tested as inhibitors were 
obtained commercially. 


Results 


Inhibition by a-Hydroxycarboxylic Acids—In Table I the effectiveness 
of a variety of compounds as inhibitors of prostatic acid phosphatase is 
listed. This value is the concentration of inhibitor giving 50 per cent 
inhibition at a substrate concentration of 0.0067 M. 

In some cases the results shown in Table I differ from those reported 
earlier by Anagnostopoulos (18). In explaining discrepancies between 
the results of Anagnostopoulos (18) and theirs, Tsuboi and Hudson (4) 
have shown that aged reagent solutions acquire ionic inhibitors, presuma- 
bly from the glassware in which they are stored. They have shown 
further that the inhibition can be overcome by the use of citric acid or 
ethylenediaminetetraacetic acid. It is conceivable that other hydroxy- 
carboxylic acids could exert a sequestering action and thereby appear to 
be activators or to be less potent inhibitors than they actually are. We 
have repeatedly confirmed the results of Tsuboi and Hudson (4). In 
the experiments reported throughout this paper, fresh reagents were em- 
ployed. 

To investigate the possibility that the inhibition by the monoethy] ester 
of (+)-tartaric acid might have been due to the liberation of (+)-tartaric 
acid by hydrolysis, the ester concentration was determined by the hydrox- 
amic acid method of Hestrin (19). Aliquots for this test were removed 
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TABLE I 
Inhibition of Prostatic Acid Phosphatase by Various Hydrozycarborylic 
Acids and Related Compounds 


The reaction conditions are those described for the standard assay. Calculations 
were made by using Hunter and Downs’ modification of the Michaelis-Menten equa- 


tion (17). 
Inhibitor per cent inhi- Inhibitor for 50 per cent 
bition inhibition 
M m* 
(+-)-Tartaric acid 0.0016¢ | p-(+)-Arabonie acid No effect 
Monoethy] ester of (+)-tar- | 0.00265f | trans-Aconitic acid 
taric acid cis-Aconitic acid 
p-(+-)-Glyceriec acid 0.00325t | pL-Aspartic acid 
L-(+)-Threonic “ 0.0131 Benzoic acid 
pL-Glyceric acid 0.01417 | Citrie acid 
Diamide of (+-)-tartaric acidf, 0.0172T | L-Cysteine 
meso-Tartaric acid 0.0448¢ | Lt-Glutamie acid 
Dihydroxytartaric acid 0.0556¢ | Glycolic acid co | 646 
Tartronic acid 0.0608 pL-8-Hydroxybutyrie acid 
p-Malic acid (unnatural) 0.0761¢ | m-Hydroxybenzoic acid 
L-(—)-Arabonie acid 0.0887¢ | p-Hydroxybenzoic 
Diethyl ester of (+)-tartarie | 0.105 a-Hydroxyisobutyrie acid oe 
acid Isocitrie acid cs 
Oxalie acid 0.107 p-(—)-Lactie acid ss ss 
Hydroxypyruviec acid 0.111 L-(+)-Lactice 
Ketomalonie acid 0.115 pL-Lactic acid 
Ammonium p-gluconate 0.125 L-Malie acid (natural) 
p-(+)-Xylonic acid 0.129 Mercaptosuccinic acid 
2,4-Dihydroxybenzoic acid 0.152 Muciec acid 
pL-Malie acid 0.167 p-Phosphoglyceric acid 
p-Glucono-é-lactone 0.177¢ Pyruvie acid 
p-(+)-Riboniec acid 0.324 Salicylic acid i 
3,5-Dihydroxybenzoic acid 0.420 pL-Serine t 
Malonie acid 0.420 Suecinic acid 
p-Glucuronolactone 0.516 (—)-Tartaric acid ] 
p-Saccharic acid 0.543 pL-Threonine 
p-Galacturonic acid 0.545 


* The inhibitors were present at a concentration of 0.089 M in the experiments in 


V 

which no effect was recorded. 4 
+ The values are based on six or more concenirations of inhibitor. 

t The tartramide may have contained up to 30 per cent of the monoamide. t 

a 


at the same time as those for the assay of enzyme activity. Had the inhi- 
bition been caused by liberated tartaric acid, an appreciable amount of 
esterolysis would have ensued; no change in ester concentration was ob- 
served during the course of the reaction. 


E 
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Inhibition by (+)-Tartaric Acid with Various Substrates—In order to 
determine the effect of the nature of the substrate on the inhibition of 
prostatic acid phosphatase by tartaric acid, the following substrates were 
tested: B-glycerophosphate, 2’-adenylic acid, acetyl] phosphate, 3’-adenylic 
acid, and p-nitrophenyl phosphate. The corresponding A,, values of these 
substrates determined by the usual Lineweaver-Burk treatment (20) 
(Fig. 1) were, respectively, 1.1 *K 10-* mM, 2.8 XK 10-4 mM, 1.7 X 10-4 Mo, 
6.8 X 10-5 m, and 3.4 X 10-5 Mm. In spite of the diverse structures and 


| T T 1 | qT | | | 
@-GL YCEROPHOSPHATE 
2'-ADENYLIC ACID 
3 = ACETYL PHOSPHATE — 
4 — 
3'-ADENYLIC ACID 
> 


4 8 12 16 
x 1075) 


Fic. 1. Hydrolysis of some phosphate esters by prostatic acid phosphatase. The 
reaction mixtures all contained equivalent amounts of the enzyme preparation, the 
indicated concentration of substrate (pH 5.0), and 0.05 mM acetate buffer (pH 5.0); 
total volume, 4.5 ml. 


K,, values of the substrates, the dissociation constant of the enzyme- 
inhibitor complex, K;, was the same in all cases, approximately 8.5 & 107-6 
M (Fig. 2). This, of course, would be anticipated if the enzyme activity 
were due to a single enzyme. In Fig. 2 the results have been plotted 
according to Hunter and Downs (17) and both K, (intercept) and K, 
(slope equals K,/K,,) can be determined directly. AK, constants de- 
termined from these curves are in close agreement with those determined 
above. 

Other workers (4, 18, 21) have determined K,, for the enzyme with 
8-glycerophosphate; our value agrees quite well with that obtained by 
Tsuboi and Hudson (4) who obtained K,, values significantly smaller than 
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Fic. 2. Inhibition of prostatic acid phosphatase by (+)-tartarie acid. The re- 
action mixtures all contained equivalent amounts of the enzyme preparation, the 
indicated concentration of substrate (pH 5.0), 0.05 m acetate buffer (pH 5.0), and 
tartaric acid (pH 5.0); total volume, 4.5 ml. Each point represents average values 
of determinations made with 5 X 10-5 m and 10 X 10-® M tartaric acid except in the 
case of 8-glycerophosphate, for which 1 K 10-5 mM and 2 X 10-* M tartaric acid were 
used. 


TABLE II 
Effect of pH on Ky for Prostatic Acid Phosphatase and p-Nitrophenyl Phosphate 


The reaction mixture contained the following in micromoles per ml.: 50 acetate 
buffer, 0.0334 to 0.267 p-nitrophenyl phosphate, and about 0.0022 unit of enzyme. 
Reaction volume, 9.0 ml.; temperature, 37.5°; time, 5 minutes. 


1 
Km 

x 104 x 
3.03 3.4 1.5 
3.33 2.7 3.7 
3.70 2.2 4.8 
3.98 2.2 
4.23 2.2 2.3 
4.52 2.2 2.5 
4.70 2.2 3.3 
4.96 2.2 3.4 
5.16 2.2 4.3 
5.45 2.2 4.7 
5.85 2.2 9.1 
6.15 2.2 18.4 
6.48 2.2 41.0 
6.73 2.2 72.6 
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those reported previously by others. A,, values for the enzyme with the 
other substrates have not been reported. 

Km As Function of pH—The results of experiments to determine the 
variation of K, with pH are summarized in Table II. It can be seen that 
K,, is relatively constant over the range pH 3.0 to 5.5; however, at pH 5.85 
it has started to increase and by pH 6.7 it has increased about 20-fold. It 
is interesting to note that Vax remains constant during this change. 


ad 
=a 
O.OOIM TARTRATE 
.2 

iL 0.002 M TARTRATE a 
3 4 5 6 7 
pH 


Fig. 3. pH-activity curves for p-nitrophenyl phosphate in the presence and ab- 
sence of (+)-tartaric acid. Standard assay conditions were used except that pH 
was varied by means of acetate buffers. The optical density plotted on the ordinate 
is the reading obtained in the Evelyn colorimeter when 0.5 ml. of the reaction mixture 


was diluted with 25 ml. of 0.2 n NaOH. 


Inhibition As Function of pH—The effect of pH on the enzymatic hy- 
drolysis of nitrophenyl phosphate in the presence and absence of (+)- 
tartaric acid is illustrated in Fig. 3. Since the efficacy of a competitive 
inhibitor at constant substrate concentration depends on the enzyme- 
substrate constant and the enzyme-inhibitor dissociation constant, it is 
interesting to see how these vary with pH. A convenient representation 
of the effectiveness of a competitive inhibitor is the following expression 
used by Hunter and Downs (17): 


K 
C=Kr+s— 


Here C is the concentration of inhibitor required to produce 50 per cent 


ale 

state 

- 
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inhibition; it is inversely proportional to the effectiveness of the inhibitor. 
K,, K,,, and S are, respectively, enzyme-inhibitor dissociation constant, 
Michaelis-Menten constant, and substrate concentration. In Table III 
(Column 2) the effectiveness of the inhibitor is seen to increase with in- 
creasing pH although little change occurs in the region pH 4.0 to 5.5. The 
corresponding values of K,, and K,; are shown in Columns 3 and 4. Since 


TABLE III 


Inhibition of p-Nitrophenyl Phosphate Hydrolysis by (4+-)-Tartaric Acid and K,, of 
p-Nitrophenyl Phosphate at Various pH Values 


Standard assay conditions were used except that pH was varied by means of ace- 
tate buffers. C values (the concentration required for 50 per cent inhibition) were 
calculated according to Hunter and Downs (17) and are averages of determinations 
made with 0.0005 m, 0.001 mM, and 0.002 m (+-)-tartaric acid at a substrate concentra- 
tion of 0.0067 mM. The values for K,, are taken from an independent experiment 
described in Table II. 


M X 103 
pH 
Km Ky 

(1) (2) (3) (4) (5) 
3.05 3.3 0.015 0.0073 3.3 
3.30 2.8 0.037 0.015 2.8 
3.68 1.7 0.048 0.012 1.7 
4.00 1.4 
4.13 1.6 0.023 0.0056 1.6 
4.48 1.6 0.025 0.0058 1.6 
4.68 1.6 0.033 0.0079 1.6 
5.00 1.6 0.034 0.0085 1.7 
5.48 1.6 0.047 0.0109 1.6 
5.76 1.4 0.075 0.0154 1.4 
6.10 0.99 0.175 0.0254 0.99 
6.40 0.72 0.325 0.034 0.69 
6.70 0.62 0.726 0.061 0.57 


C is the composite of two terms, K; and S(K,/K,), the corresponding 
values of the latter term are also given (Column 5). Under the conditions 
of this experiment the contribution of the first factor is negligible until 
higher pH values are reached and here, even in the most extreme case 
(pH 6.70), neglecting this factor makes a difference of only 11 per cent in 
the value of C. In summary, the amount of inhibition increases with 
increasing pH in spite of an increasing dissociation of the enzyme-inhibitor 
complex because the A,, increases at a rate that more than compensates 
for this effect. 
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DISCUSSION 

II] From the results shown in Table I certain generalizations can be made 
in- as to groups or configurations which must be present in order for an a- 
he hydroxycarboxylic acid to inhibit prostatic acid phosphatase. In the 
nce first place, an a-hydroxyl group apparently must be in the p configuration 


(H—C—OH). This is shown to be true in each case in which enantio- 
morphic pairs were tested (tartaric acid,’ malic acid, and arabonic acid). 
» Of Further, it is seen that all the other inhibitory a-hydroxy acids which were 
tested have the p configuration at the a-carbon. It also appears that the 


es 8-carbon must either be part of a carboxyl group or have attached to it a 
toes carboxyl or hydroxyl group. An apparent exception to these conditions 
ra- is the case of oxalic acid, whose effectiveness as an inhibitor had been 


ent previously noted by Abul-Fadl and King (2). More recently Tsuboi and 
Hudson (4) established its competitive nature. However, a formal simi- 
larity between this substance and typical inhibitors may be observed 
—_ from the following representations of oxalic and pb-glyceric acids, respec- 


tively: 
Bo COOH COOH 
C—OH H—C—OH 


It may be that it suffices for an inhibitor to possess in addition to the a- 
hydroxyl and carboxylic acid groups an electronegative group, e.g. for 
glyceric acid, —CH.OH; for malic acid, —CH,COOH, etc. In the case of 
oxalic acid this group is the carboxyl oxygen atom. 

Although tartronic acid cannot exist in optically active forms, it may be 
regarded as possessing both p- and L-oriented hydroxyls on the a-carbon 
atom. It would also appear, judging from the activity of dihydroxytar- 
— taric acid as an inhibitor, that while a ‘“‘p’’-hydroxyl] is required for inhi- 
bition the simultaneous presence of ‘L’’-hydroxyl does not abolish the in- 
ing hibitory quality. Ketomalonic and hydroxypyruvic acids are presumably 
ons | effective because the carbonyl group exists in the hydrated, that is, dihy- 
droxy form. 
ase If a thiol group is substituted for the a-hydroxyl group, as in pL-thio- 
malic acid, no inhibition occurs. Similarly the amino acids tested with 
‘ith their a-amino group did not inhibit the enzyme. It is also observed that 
itor | 4 8-hydroxyl group alone (6-hydroxybutyric acid) is not sufficient for 
tes | inhibition. 

The possibility was considered that the a-hydroxy acids were not them- 
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selves inhibitors but were converted to phosphorylated derivatives via 
the phosphotransferase activity of the enzyme and that these latter com- 
pounds were in fact the active agents. If this were the case, then the 
degree of inhibition should be insignificant at the beginning of the reaction 
and should increase with time as phosphorylation proceeded. However, 
the percentage of inhibition has always been observed to remain constant 
under the usual reaction conditions. It is noteworthy that the rather 
marked inhibitory power of p-glyceric acid was lost upon esterification of 
the B-hydroxyl group with phosphate. 

meso-Tartaric acid, which Abul-Fadl and King (2) reported as not 
inhibiting prostatic acid phosphatase, is included in Table I as an inhibitor. 
We were unable to demonstrate the presence of (+)-tartaric acid in this 
preparation; however, if the preparation were contaminated with 3 or 4 
per cent of the (+) isomer, this same inhibition would be observed. On 
the other hand, meso-tartaric acid might be expected to inhibit somewhat 
since one of the asymmetric carbon atoms has the required pb configuration 
although the other does not. In this respect it is interesting to note that, 
whereas D-gluconic acid with the required configuration at the a-carbon 
inhibits the enzyme, the corresponding dibasic acid (saccharic acid) with 
opposite configurations at the 2 a-carbons inhibits only very slightly. 

Table I shows a discrepancy between the inhibition by pi-glyceric acid 
(obtained from the commercial calcium salt) and that expected on the 
basis of its content of p-(+)-glyceric acid. We cannot explain this ap- 
parent discrepancy at the present time; however, it seems probable that 
both compounds are properly placed in Table I as far as order of inhibition 
is concerned. It should be observed that no discrepancy occurred with 
pL-malic acid and p-malic acid (unnatural). The p-malic acid gives 50 
per cent inhibition under standard reaction conditions with almost exactly 
one-half the concentration required for the pL-malic acid. This is to be 
expected since only the p and not the L isomer is active in this connection. 
In the case of tartaric acid, too, the inhibition by the (+) isomer is un- 
affected by the presence of the (—) isomer. 

It may be seen in Table III that the inhibition caused by tartrate 
changes but slightly as the pH rises from 3.68 to 5.76. The relative con- 
centrations of the un-ionized, monoionized, and diionized forms of the 
tartaric acid are 0.154, 0.702, and 0.143 at pH 3.68. At pH 5.76 the cor- 
responding values are 0.00007, 0.039, and 0.961. (At 37.5°, pK, = 3.02 
and pK. = 4.37 (22).) As previously noted no marked change in A, 
occurs in this interval. The corresponding change in K, is also quite 
small. Unless one makes the unlikely assumption that a radical change 
in ionization occurs in the active center of the enzyme which affects the 
binding of the inhibitor but not of the substrate, one must infer that both 


‘ 
E 


G. S. KILSHEIMER AND B. AXELROD 889 


ionic forms are inhibitors. The data do not extend far enough into the 
acid region to warrant any conclusions about the effectiveness of the un- 
ionized species. That the particular ionic form of the acid is not critical 
in determining whether or not it is capable of inhibiting is further indicated 
by the fact that the mono- and diester and the diamide of (+-)-tartaric 
acid inhibit. 


SUMMARY 


1. a-Hydroxycarboxylic acids and related compounds have been tested 
as inhibitors for prostatic acid phosphatase in order to define the structural 
features required for inhibition. The inhibitor must possess a hydroxyl 
group of the p configuration in the a position. The 6-carbon must be 
part of a carboxyl group or be attached to a carboxy] or hydroxy] group. 
The carboxyl groups may be free, esterified, or amidated. 

2. Km, K;, and inhibitory effectiveness were determined as functions of 
pH by using p-nitrophenyl phosphate as the substrate and (+)-tartaric 
acid as the inhibitor. The interrelationships of these variables are dis- 
cussed. 

3. The mono- and diionized forms of tartaric acid are effective inhibitors. 

4. The values for Km and Vmax were determined for the following sub- 
strates: B-glycerophosphate, acetyl phosphate, p-nitrophenyl phosphate, 
2’-adenylic acid, and 3’-adenylic acid. In agreement with the view that 
the phosphatase activity is the property of a single enzyme, the same 
Vmax Was Obtained in all cases. Similarly K, for (+)-tartaric acid was 
determined with several different substrates and found to be the same 
(approximately 8.5 m). 
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STUDIES ON COLLAGEN 
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Recent concepts of the configuration of collagen are based largely on re- 
sults obtained through the application of physical methods (1-4). It is 
clear that studies in which specific chemical and enzymatic methods are 
used will supplement the information about the structure of this protein. 
In particular it may be expected that an investigation of the degradation 
of collagen by a specific collagenase, and the characterization of the poly- 
peptide chains so produced, should contribute to the knowledge of the par- 
ent protein. The collagenase elaborated by Clostridium histolyticum is an 
enzyme of choice in such a study, but its application has been severely 
limited by the lack of methods for its adequate purification and for its 
assay. Recently, DeBellis, Mandl, MacLennan, and Howes (5) reported 
the partial purification of collagenase by ammonium sulfate fractionation, 
and Schuytema and Kallio (6) mentioned its purification by pH gradient 
electrophoresis. With regard to methods of assay, the difficulty heretofore 
has been that the substrates used have not been collagen preparations of 
suitable purity and reproducibility, although MacLennan, Mandl, and 
Howes (7) have indicated the use of a standardized, dried collagen for this 
purpose, and more recently an abstract by Schuytema and Kallio (6) has 
mentioned the use of ‘‘purified collagen”’ in this relation. 

The present paper describes the methods which have been used in this 
laboratory for the partial purification of collagenase and reports the de- 
tails of several assays which have been developed with the use of ichthyocol 
as a definitive substrate either in the form of a suspension or in solution. 
This communication also describes the activation of collagenase by cal- 
clum ion. 


Materials and Methods 


Enzyme—The crude enzyme preparations used in this study were the 
cell-free filtrates of cultures of C. histolyticum and were generously fur- 
nished by Dr. Joseph Seifter, Dr. George Warren, and Dr. Harvey Alburn 
of the Wyeth Institute for Medical Research and by Mr. LeRoy Klein of 
Boston University School of Medicine. 
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Collagen Substrate—The collagen used here, and proposed for general] 
use as the substrate in collagenolytic assays, is a reconstituted ichthyocol 
prepared as described by Gallop (8). This preparation, which is free of 
other proteins, has been studied in detail by Gallop (8), Boedtker and Doty 
(9, 10), and Cohen (11); its properties, including homogeneity, particle 
size and shape, and optical rotation, are probably better known than are 
those of any other collagen. The present knowledge concerning this ma- 
terial, including a consideration of its stability and its solubility in solu- 
tions of neutral salts, has been discussed in detail elsewhere (12). 

The ichthyocol was stored in lyophilized form at refrigerator tempera- 
tures. On the day of its intended use a portion of the dry material was 
uniformly suspended in either buffer or distilled water by brief homogeni- 
zation with a Teflon glass homogenizer at ice bath temperature. 

Method for Assay of Non-Specific Proteinases—The following method was 
used for the determination of proteinases other than collagenase. 1 ml. of 
enzyme solution was added to 4 ml. of a 1 per cent solution of the protein 
being used as substrate (7.e., casein, denatured hemoglobin, or denatured 
serum albumin); the substrate was contained in 0.05 M tris(hydroxy- 
methyl)aminomethane (Tris) buffer of pH 7.0. The mixture was incubat- 
ed for 1 hour at 37°, and the reaction was then stopped by the addition of 
5 ml. of 10 per cent trichloroacetic acid. The supernatant fluid obtained 
upon centrifugation was then analyzed by a modification of the Folin- 
Ciocalteu method (13) in order to determine the extent of release of tyro- 
sine or tyrosine peptides by enzymatic action. 

Methods for Determination of Protein Nitrogen and of Products of En- 
zymatic Digestion—The protein contents of purified preparations of collag- 
enase and of collagen and gelatin standards were determined by micro- 
Kjeldahl analysis by using the modification of Ma and Zuazaga (14). The 
quantity of collagen converted to soluble products as a result of the action 
of collagenase was measured in a suitably prepared filtrate by application 
of the method of Lowry et al. (15). The color thus produced was compared 
with that given by a solution of known concentration of gelatin prepared 
from ichthyocol, and the extent of the digestion of the substrate was then 
calculated. The justification for the use of such a standard lay in the ob- 
servation that the gelatin derived from a known quantity of collagen by 
heating gave a degree of color, by the Lowry procedure, equal to that given 
by the polypeptides arising from the complete enzymatic degradation of 
the same amount of collagen by collagenase. 

Viscometric Methods—Viscosity was determined by using Ostwald- 
Fenske viscometers with flow times of the order of 70 seconds as determined 
with distilled water at 20°. Experimental observations with solutions of 
ichthyocol were also made at that temperature, and the results were usually 
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expressed in terms of specific viscosity as defined by the following relation- 


= ships: Nsp = Mel — 1 and rea = 1sp/€, in which n is the viscosity and c the 

sal concentration of the substrate (ichthyocol) in gm. per 100 ml. of reaction 

Doty mixture. 

‘ticle EXPERIMENTAL : 

a Partial Purification of Collagenase—Three methods, either singly or in 

ide combination, have been used in order to obtain purified preparations of 
collagenase from the crude enzyme. Collagenase activity was followed by 

aia using the 20 minute suspension assay described below, and non-collagenase 

ca proteolytic activity of the various fractions was measured as described 

under ‘‘Materials and methods.” 

Fractionation with Ammonium Sulfate—The procedure of DeBellis, 
en Mandl, MacLennan, and Howes (5) was applied to the crude material, and 
11. of it was found that the major portion of the collagenase activity separated in 
take a fraction obtained between 40 and 60 per cent saturation with ammonium 


sulfate. This fraction contained very little non-specific proteinase activ- 
ity, but was highly contaminated with brown pigment; in terms of specific 


te activity it represented a 3-fold purification as compared with the starting 
mn of material. | 
al When this partially purified material was adsorbed on ichthyocol at 0° 
olin. | 35 described below, and subsequently separated, the non-specific proteinase 
yro- activity was completely removed as well as almost all of the pigment. 
Purification by Electrophoresis on Starch—By preliminary electrophoresis 
En- experiments on paper it was revealed that collagenase could be separated 
lee: from the non-specific proteinase and the brown pigment present in the 
haa crude material by using buffers ranging from pH 4 to 6. For purposes of 
The preparing larger amounts of the purified collagenase, the method of starch 
ties electrophoresis as outlined by Kunkel (16) was used. Starch Was SUS- 
pean pended in a 0.1 M acetate buffer of pH 5.3, and a slab having dimensions 


ws of 36 X 13 X 1 cm. was prepared on the platform of a Reco electrophoresis 
ar 

wee apparatus. ‘The enzyme, in solution with the same buffer, was mixed with 
starch and applied at the center of the slab; usually 13 ml. of a 2 per cent 


then 
Job. | Solution of crude enzyme were used. With tap water at 15° circulating 
around the apparatus, electrophoresis was then carried out for 18 hours 
a by 
ie with a constant voltage of 200 volts and an average current of approxi- 
a of mately 35 ma. At the end of this time, the slab was divided into a series 
of 1 cm. cuts on either side of the center. Each cut was shaken with 10 
oll. ml. of 0.9 per cent NaCl, and the starch was filtered. A 0.1 ml. aliquot of 


a - each filtrate was assayed for collagenase activity, and it was found that 
the enzyme was confined to an area beginning at 2 cm. and extending to 
5 cm. toward the negative electrode. The pigment was found to move in 


ured 
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the opposite direction. The fractions occurring between 2 and 5 ecm. to- 
ward the negative electrode were pooled and assayed for collagenase, non- 
specific proteinase, and for nitrogen by the micro-Kjeldahl method. This 
material, which was devoid of pigment, was also found to be free of non- 
specific proteinase; its protein concentration was determined to be 0.07 
per cent, and its specific activity with respect to collagenase was found to 
have increased approximately six times compared with the crude material, 

Purification by Adsorption on Ichthyocol—A 2 per cent solution of crude 
enzyme in 0.05 m Tris buffer of pH 7.4 containing 0.005 m calcium chloride 
was mixed at 0° with an equal volume of a 1 per cent suspension of ichthy- 
ocol in the same buffer. The mixture was allowed to stand for 1 hour at 
0° with occasional stirring. At the end of this time the collagen, together 
with the adsorbed enzyme, was separated by centrifugation at 0—-2°, washed 
three times by centrifugation with cold distilled water, resuspended in 
buffer, and transferred to a dialysis sack. The contents were dialyzed 
against buffer at 30° until the adsorbed enzyme had digested the collagen 
as evidenced by complete solution of the latter. The sack was then trans- 
ferred to a fresh portion of cold buffer, and dialysis was continued at 0-2° 
until almost all of the products of the enzymatic degradation were demon- 
strated to have left the bag. The resulting solution had only a very slight 
trace of pigment and was free of non-specific proteinase activity. One 
such preparation was found to have a specific activity representing about a 
4-fold increase over the crude material. 

As mentioned previously, this method of purification was also applied to 
partially purified material separated by fractionation with ammonium 
sulfate. In such instances the adsorption step served to eliminate both 
pigment and residual non-specific proteinase activity. 

Some Properties of Purified Collagenase Preparations—Table I sum- 
marizes the enzymatic contents of the various partially purified prepara- 
tions of collagenase. It should be added that all of the preparations active 
against collagen, while containing no non-specific proteinase activity, were 
also active against gelatin as determined by a test based upon the gelation 
properties of this protein. ‘Thus, solutions of gelatin subjected to treat- 
ment with the purified enzyme preparations lost the capacity to form gels 
at low temperatures, indicating that the protein had been degraded. 

While complete studies of the possible peptidase activities of the purified 
preparations have not as yet been made, preliminary experiments with a 
wide variety of glycy], alanyl, and leucy] di- and tripeptides have revealed 
no such activities. 

Solutions of the purified enzyme in all cases were stable for at least 3 
months when kept at —20°, beyond which time they were not tested for 
activity. 
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Methods of Assay—Three types of assay methods, two in which collagen 
is utilized in suspension and one in solution, have been developed. It 
should be noted that for all of the methods no difference could be found 
between the behavior of collagenase in crude or purified preparations and 
that the presence of non-specific proteinase was without effect on the re- 
sults. It should be remarked further that, widely disparate as the methods 
are, the unit of collagenase activity which has been selected can be related 
to the three assay procedures; hence results obtained with one method are 
directly interpretable in terms of the other two. 

Procedure a, “20 Minute, Suspension Assay”—Exactly 8 mg. of ichthyocol 
suspended in 2 ml. of 0.05 m Tris buffer of pH 7.0 containing 0.005 m cal- 


TABLE I 
Some Properties of Various Preparations of Collagenase 
: Relati Relative non- | Collagenase ac- 
Untreated enzyme (crude) +++ 4- + +4. +4 110 
Precipitation with ammonium sulfate (cut +++ + 310 
between 40 and 60%) 
40 to 60% cut with ammonium sulfate + ad- Trace 0 370 
sorption on ichthyocol 
Crude enzyme adsorbed on ichthyocol; en- oi 0 375 
zyme recovered after digestion of substrate 
Starch electrophoresis of crude enzyme at 0 0 610 
pH 5.3 


* As determined with casein as substrate. 


cium chloride are placed in a 25 ml. Erlenmeyer flask and allowed to stand 
at 37° in a Dubnoff metabolic shaker until the mixture comes to the tem- 
perature of the bath. To this is then added 0.5 ml. of the enzyme in solu- 
tion with the same buffer. At the same time three additional flasks con- 
taining control and standard mixtures are prepared as follows: (1) with 
the same quantity of collagen but with 0.5 ml. of buffer in place of the sol- 
ution of enzyme, (2) with 2 ml. of buffer in place of the substrate and 0.5 
ml. of the solution of enzyme, and (3) with 2 ml. of a solution of gelatin 
derived from ichthyocol. The concentration of protein in the last solution 
should be known with exactitude and should be in the range 0.1 to 0.2 per 
cent. The last flask receives no enzyme, and its contents constitute the 
standard for the subsequent colorimetric determination. All flasks are 
then incubated for exactly 20 minutes at 37° with the shaker set at 96 
shakes per minute. At the end of this time, 0.5 ml. of 95 per cent ethanol 
is quickly added to each flask to stop the reaction, and the contents are 
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mixed and filtered. With pipettes graduated to contain, a 0.1 ml. ali- 
quot of each filtrate is delivered into 1 ml. of distilled water contained in 
a colorimeter tube, and the pipette is rinsed several times with the diluting 
fluid. The protein content or the content of resultant polypeptides is then 
determined by the procedure of Lowry et al. as discussed previously. 

Usually it has been found that the control incubation mixtures in which 
enzyme or substrate, respectively, is omitted yield negligible optical density 
values by this method, but should these be significant they are subtracted 
from the figure obtained with the complete system. In any case, the total 
number of mg. of collagen dissolved by the enzyme is calculated, and the 
activity is then expressed in terms of units. 1 unit of collagenase activity 
is considered to be that amount which results in the solution of 1 mg. of 
collagen under the conditions of this assay. As will be described later, this 
assay is valid only if 4 mg. or less of the total 8 mg. of collagen are dis- 
solved. 

Procedure b, ‘‘Kinetic, Suspension Assay’’—Procedure a may be incon- 
venient because it entails the use of exactly 8 mg. of substrate. In addi- 
tion, it has the limitation that results obtained with its use are valid only 
if less than half the amount of collagen added at the start is dissolved. To 
overcome these difficulties, another procedure was developed which takes 
advantage of the fact that the digestion of collagen by collagenase occurs 
with first order kinetics over a wide range of enzyme and substrate con- 
centrations. In this procedure, collagen in a given amount between 5 and 
10 mg. can be used; it is necessary, of course, to determine the exact 
amount of substrate used, and this is done by applying the method of 
Lowry et al. to an aliquot of the suspension of substrate which has been 
gelatinized by heating at 70° for 10 minutes. The enzyme assay is then 
carried out according to Procedure a with the following modifications: 
First, four flasks instead of one are prepared to contain the complete 
enzyme-substrate mixture, and, secondly, the reaction proceeding in one 
of the flasks is stopped at one of four different but convenient times between 
5 and 60 minutes after the start of incubation. 

By using the data obtained in this manner, a plot is made of the loga- 
rithm of the amount of substrate remaining unchanged at time ¢ versus t. 
Fig. 1 shows a plot of the results obtained when a constant amount of ich- 
thyocol in suspension was acted upon by varying amounts of collagenase. 
If the slopes of the curves in Fig. 1 are plotted against concentration of 
enzyme, a straight line results. In Table II are shown the values obtained 
by dividing the slopes of these curves by the corresponding enzyme con- 
centrations; these values are very nearly constant, with an average figure of 
—3.7 X 10-*. Thus, in any subsequent assay, one may calculate the units 
of enzyme by making a semilogarithmic plot of the mg. of collagen re- 
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maining in suspension versus time, determining the slope of the curve, and 
dividing this figure by —3.7 X 10-*. By this convention, the units ob- 
tained will be equal to those determined by the assay described under 


10.0 


MG. COLLAGEN IN SUSPENSION 


° 


20 30 40 50 60 70 
TIME IN MINUTES 
Fic. 1. A semilogarithmic plot of collagen remaining versus time after action by 
varying amounts of collagenase. Fig. 1 is described in the text under ‘Kinetic, 
suspension assay.”? XX, points obtained by using 1.71 units of enzyme; A, 3.42 units; 
@, 5.13 units; and O, 8.57 units. 


TABLE II 
Relationship of 20 Minute, Suspension Assay to Kinetic, Suspension Assay* 
Symbol in Fig. 1 Units of collagenaset Slope of curve in Fig. 1 Slope 
x 10% x 1073 
x 1.71 —6.7 —3.9 
A 3.42 —12.3 —3.6 
5.13 —19.0 —3.7 
O 8.57 —31.7 


* The data are derived from Fig. 1. 
t The units of collagenase are those determined in the 20 minute, suspension assay. 
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Procedure a when the latter is used within the proscribed limits. The 
experimental confirmation of this equality is demonstrated below. 

Fig. 2 shows the results of an experiment designed to test the relation- 
ship between Procedures a and 6. Varying concentrations of purified 
collagenase were incubated with exactly 8 mg. of collagen, and the amount 
of substrate dissolved in exactly 20 minutes was determined as under Pro- 
cedure a. <A dotted straight line in Fig. 2 has been drawn connecting the 
first five experimental points; it is apparent that Procedure a is valid only 


8.0 4 


° 
° 
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ENZYME UNITS, or MG. COLLAGEN 
DISSOLVED IN 20 MINUTES 


% 20 40 60 BO 
MICROGRAMS OF COLLAGENASE 


Fic. 2. The relationship between the 20 minute, suspension assay and the kinetic, 
suspension assay. The points represent experimentally determined values obtained 
with the 20 minute, suspension assay. The broken straight line drawn through the 
first five points is to indicate that this assay is valid for 4 units or less of collagenase. 
The solid curve is the plot of Equation 3 given in the text. 


if less than 4 mg. of substrate are dissolved; 7.e., less than 4 units of enzyme 
are used. Now, in Procedure b the following equation applies: 


Si = So (1) 


in which So is the amount of collagen added at the start, S; is that amount 
remaining at time ¢, U is the number of units of enzyme, and K is equal 
to —3.7 & 10-* unit“! X minutes~!. By applying this equation to the 
assay carried out for 20 minutes with exactly 8 mg. of substrate, the fol- 
lowing relationships may be written: 
P = Sy — Si = So — (So X 10%") (2) 
or 
P = 8(1 — 107-3-7*10% xu x20) (3) 


in which P is now the mg. of collagen dissolved by the enzyme. A plot of 
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the above equation with different values for U is shown in Fig. 2, as rep- 
resented by the solid curve, and it is evident that the experimental points 
very nearly fall on this curve. 

Procedure c, Viscometric Assay—The previous methods of assay, while 
simple and reproducible, are not ideal because of the fact that the substrate 
is used in the form of a suspension. It has been possible to develop a 
method of assay in which ichthyocol in solution is employed with certain 
salts at conditions of neutral pH. This development is the result of stud- 
ies carried out in this laboratory in which methods have been established 
for dissolving ichthyocol without denaturation or gelatinization while 
maintaining pH in the neutral range (12); it was also found that collagen 
dissolved in this manner was not subject to digestion by trypsin but was 
readily proteolyzed by collagenase. 

For this method of assay, the substrate is prepared in the following man- 
ner. A suspension of ichthyocol, approximately 0.4 per cent in distilled 
water, is mixed at 0—2° with an equal volume of 0.1 M Tris buffer, pH 7.0, 
which is also 1 M with respect to calcium chloride. The resulting solution, 
although visibly clear, is allowed to stand at 0—2° for at least 6 hours to 
permit complete dispersion of the collagen. The material is then centri- 
fuged for 1 hour at 0—2° at 60,000 X g in order to clear it of undispersed 
particles. 

4 ml. of the substrate solution are then placed in a viscometer which is 
held in a bath at 20.0° and allowed to come to temperature for 5 minutes. 
The enzyme under test, which is dissolved in 0.05 mM Tris buffer, pH 7.0, 
containing 0.5 M calcium chloride, is brought to the temperature of the 
bath, and then 1 ml. is transferred to the viscometer and mixed with the 
substrate. Flow times are then measured at convenient intervals of time 
according to the observed activity of the enzyme preparation. Since the 
flow times are quite large at the beginning of the determination, the time 
used for purposes of calculation and for graphing represents the time elaps- 
ing between the addition of the enzyme and the mid-time of the viscometric 
measurement. [low times are also determined for the buffer, and specific 
viscosities are calculated as previously discussed under ‘‘Materials and 
methods.’’ A plot is then made of the logarithm of the specific viscosity 
at time ¢ versus t. Fig. 3 illustrates typical results obtained with this 
method by using varying concentrations of enzyme. In Table III are 
shown the values obtained when the slopes of the curves in Fig. 3 are di- 
vided by the units of enzyme used as determined by Procedure a. It can 
be seen that the values so obtained are very nearly constant, with an aver- 
age value of —7.8 unit™! minutes~!. Thus, in any subsequent 
assay, the units of enzyme may be calculated by making a semilogarithmic 
plot of the specific viscosity versus time, determining the slope of this curve, 
and dividing this value by —7.8 X 10-*. The number of units so obtained 
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Fic. 3. A semilogarithmic plot of the specific viscosity versus time for varying 
amounts of collagenase as determined under the conditions of the viscometric assay 


described in the text. The units of collagenase previously determined by the 20 


minute, suspension assay for each curve are as follows: X, no enzyme; A, 1.5 units; 


O, 2.8 units; @, 5.5 units; and V, 11.5 units. 


TABLE III 
Relationship of 20 Minute, Suspension Assay to Viscometric Assay* 

Symbol in Fig. 3 | Units of collagenaset | Slope of curve in Fig. 3 ap 

A | 1.5 —1.19 —7.9 

O | 2.8 | —2.24 —8.0 

6 5.5 | —4.18 —7.6 

V 11.5 | —8&.85 —7.7 


* The data are derived from Fig. 3. 


+ The units of collagenase are those determined in the 20 minute, suspension assay. 


will be equal to the number determined by analysis of the same enzyme 


preparation by either of the two procedures previously 


Effect of Varying Substrate Concentration—8 units of collagenase were 
incubated for 20 minutes with amounts of ichthyocol varying from approx- 
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imately 6 to 28 mg. contained in a final total volume of 5 ml. Filtrates 
were prepared, and the quantity of substrate dissolved in each case was 
determined by using the Lowry et al. procedure. Fig. 4, which represents 
the results of this experiment, shows the linear relationship found to exist 
between the amount of substrate added and that dissolved. It is of inter- 
est that in each instance approximately one-half of the added ichthyocol 
was digested by the enzyme. : 
Activation of Collagenase by Calctum Ions—Table IV summarizes the re- 
sults of experiments in which both crude and purified collagenase prepara- 
tions were exhaustively dialyzed to remove calcium ions and then tested 


20r 
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Fic. 4. The effect of varying substrate concentration on the action of colla- 
genase. 


for activity with and without added calcium chloride and after further 
treatment with sodium ethylenediaminetetraacetate (SEDTA). It is ap- 
parent that the addition of calcium chloride to dialyzed preparations of 
the enzyme resulted in an increase of activity which, in one instance, 
amounted to a 2-fold increase. Table IV also shows that the addition of 
SEDTA in a final concentration of 10~¢ m resulted in the almost complete 
inactivation of the enzyme, and that the subsequent addition of 10-4 M 
calcium chloride restored the activity 100 per cent. 

A study was then made to determine whether calcium ions were also 
required for the activation of the enzyme when the substrate was in solu- 
tion. Ichthyocol was dissolved in a solution of sodium thiosulfate by 
methods described elsewhere (12) and was tested with an enzyme prepara- 
tion which had been dialyzed for 4 days against Tris buffer of pH 7.0 con- 
taining no added calcium salt. The results of this experiment are given 
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in Fig. 5 in terms of a semilogarithmic plot of reduced viscosity versus time. 
It is seen that, while the absence of added calcium salt did not result in 
the extinction of collagenase activity, the presence of added calcium did 
cause a marked increase in enzymatic digestion of ichthyocol. 

Magnesium chloride, tested in a similar manner, did not increase the 
activity of dialyzed collagenase, nor did it inhibit the activation caused by 
calcium. 


TaBLe IV 
Activation of Collagenase by Calcium 
Molarity of 
ride 
| | 
Crude enzyme, dialyzed for 3 days against Tris buffer 1 1) 100 
of pH 7.4 containing no added calcium salt 0 0 67 
0 1 5 
1 1 101 
Iinzyme purified by starch electrophoresis at pH 5.3 1 0 100 
0 0 71 
0 1 4 
1 1 100 
enzyme purified by ammonium sulfate and by adsorp- ] 0 100 
tion on ichthyocol 0 0 54 
0 1 S 
| 1 1 S6 


* The method of assay used was the same as that for the 20 minute, suspension 
assay with the exception that calcium chloride was omitted from the buffer. The 
value for activity given by the dialyzed preparation to which calcium chloride in a 
final molarity of 1 X 1074 was added was taken as 100 per cent, and all other values 
were compared with it. 


Effect of Calctum Ions on Adsorption of Collagenase on Collagen—Bidwell 
and van Heyningen (17) showed that the collagenase of Clostridium welchii 
could adsorb on suspended hide powder. It was therefore of interest to 
study the adsorption of the enzyme of C. histolyticum on purified collagen 
and to determine whether this process was dependent upon the presence of 
calcium ions. <A preliminary experiment was first performed in which it 
was shown that the enzyme, in the presence of calcium ions, adsorbed on 
suspended ichthyocol in 1 hour at 0° or in 1 minute at 37°. 

The more definitive experiment was performed as follows: A series of five 
centrifuge tubes was set up so that each tube contained 5 ml. of the Tris- 
0.005 m calcium chloride buffer in which was suspended a given amount of 
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ichthyocol from approximately 5 to 28 mg. The tubes were placed in an 
ice bath, and then to each was added 1 ml. of a prechilled solution con- 
taining 8 units of collagenase. A second series was set up similarly with 
the exception that the buffer contained no calcium chloride, and the solu- 
tion of enzyme was 0.06 M with respect toSEDTA. For each series a con- 
trol tube was prepared to contain 12 mg. of collagen and, in place of the 
enzyme solution, 1 ml. of the appropriate buffer. All tubes were then kept 
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Fic. 5. The effect of added calcium chloride on collagenase acting on ichthyocol 
in solution. Three viscometers were used, and each contained 5 ml. of the reaction 
mixture. All mixtures had a final concentration of 0.15 per cent collagen, 0.25 m 
sodium thiosulfate, and 0.01 m Tris buffer at pH 7.0. The first viscometer contained 
no collagenase and no added calcium chloride (x). The second viscometer contained 
collagenase previously dialyzed for 4 days and no added calcium salt (O). The 
last viscometer contained the same collagenase but also had calcium chloride in a 
final concentration of 0.002 m (@). The amount of enzyme used in the last two 
viscometers was 4 units as determined by the 20 minute, suspension assay. The 
incubation in all cases was carried out at 20.4°. 


at 0° for 1 hour while being agitated at regular intervals of time. The 
tubes were then centrifuged at 0°, and the supernatant fluids were decanted. 
In the case of the first series these were tested for residual collagenase ac- 
tivity as described under Procedure a. The supernatant fluids obtained 
in the second series, containing SEDTA, were not tested for enzymatic 
activity. 

For both series, the sedimented collagen pellets were resuspended and 
washed twice by centrifugation with the appropriate buffer. Each pellet 
was then resuspended in 5 ml. of the standard Tris-0.005 m calcium chloride 
buffer and incubated at 37° for 20 minutes with shaking. 1 ml. of 95 per 
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cent ethanol was then added to each tube, the contents were centrifuged, 
and the amount of dissolved collagen was analyzed by the procedure of 
Lowry et al. 

The results showed the following: As seen in Fig. 6, when 8 units of col- 
lagenase were mixed at 0° with portions of ichthyocol varying from 5 to 
28 mg., sufficient enzyme was adsorbed to yield an activity curve similar 
to that obtained when the substrate concentration was varied as in F'ig. 4, 
In all cases, approximately one-half of the collagen to which the enzyme 
had adsorbed was dissolved upon subsequent incubation. Fig. 6 shows, 
however, that in the absence of added calcium salt and in the presence of 
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Fic. 6. The adsorption of collagenase on ichthyocol. In the experiment in which 
the results are represented by X, collagenase was adsorbed in the presence of cal- 
cium chloride. In the experiment in which the results are designated by O, the 
enzyme was mixed with collagen in the presence of SEDTA. See the text for the 
details. 


SEDTA there was marked inhibition of the adsorption of enzyme to col- 
lagen, although this inhibition was less with larger amounts of substrate 
than with smaller amounts. 

Examination of the supernatant solutions in the first series showed that 
they contained between 2.5 and 1 unit of collagenase. 


DISCUSSION 


The methods of assay for collagenase described in this paper differ from 
previous ones in that a highly purified, well characterized substrate which 
is free of other proteins, and which is not attacked by the common pro- 
teinases such as trypsin, is utilized. The action of the enzyme on collagen 
as distinct from gelatin is measured, and therefore collagenase is distin- 
guished from so called gelatinases or non-specific proteinases. 
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The viscometric method of assay described here is of special interest 
because it is based upon the use of a collagen substrate in neutral solution 
in contrast to all other assays which are performed with the substrate in 
solid phase. ‘The extremely high viscosity of solutions of ichthyocol pre- 
pared at neutral pH with such salts as calcium chloride or sodium thiosul- 
fate and the relatively low viscosity of such solutions after degradation of 
the collagen by collagenase make this method of assay highly sensitive and 
especially suited for kinetic studies. 

Collagenase is activated by calcium but not by magnesium ions, nor does 
magnesium appear to antagonize the effect of calcium. It is of interest 
that calcium is required both when the substrate is in the solid phase as a 
suspension and when it is in solution with, for example, sodium thiosulfate. 
Further, collagenase is adsorbed from solution on suspended collagen at 0°, 
and there are indications that this process also requires calcium since the 
addition of SEDTA considerably diminishes the adsorption. 

Because it has been shown that calcium chloride dissolves ichthyocol 
(12), the question arises whether the activating effect of calcium ion on 
collagenase is due to a salting in action on the substrate. That this is not 
the case is evident from the fact that only trace amounts of calcium ion are 
required for enzymatic activation, but concentrations of calcium chloride 
of the order of 0.5 M are necessary for the salting in of ichthyocol. More- 
over, it has been shown that magnesium ion does not activate the enzyme, 
but magnesium chloride solutions are as effective as calcium chloride solu- 
tions for the salting in of ichthyocol. 

Previous workers (18) have reported an activating effect of calcium ion 
on the non-specific clostridial proteinases, but did not state this to be the 
case for collagenase. Bidwell and van Heyningen (17) observed that the 
collagenase of C’. welchii lost activity when dialyzed against phosphate buf- 
fer as compared with borate buffer, and it may be inferred that this effect 
was due to the removal of calcium ions by the phosphate. Other workers 
conceivably did not uncover the activating effect of calcium ion on collag- 
enase, owing to the fact that most of the substrates used by them, in par- 
ticular hide powder or chopped tendon, contain significant amounts of cal- 
cium salts. Even the ichthyocol preparation used in the present study 
contained a small amount of calcium which was not easily removed with 
SEDTA; thus when large amounts of collagen were used, as in some of the 
adsorption studies, activity was found in the absence of added calcium salt. 


SUMMARY 


1. Collagenase of Clostridium histolyticum has been partially purified 
from crude filtrates and has been obtained in a state free of non-collagenase 
proteinases and of contaminating pigment. 

2. By using a highly purified and well characterized collagen substrate 
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(ichthyocol), three separate methods of assay for collagenase have been 
devised. Two of these methods require the use of the substrate in the 
form of a suspension, and the third requires solutions of ichthyocol made 
with 0.5 m calcium chloride buffered at pH 7.0. In the previous methods, 
the extent of enzymatic activity is determined by measuring the amount 
of collagen which goes into solution, and in the last method activity is 
measured by determining the change of viscosity with time. 

3. A unit of activity of collagenase has been established, and relation- 
ships among the three methods of assay have been determined so that a 
result obtained by one of the procedures is readily interpretable in terms 
of the other two. 

4. The collagenase of C. histolyticum has been demonstrated to be acti- 
vated by the presence of calcium ions. Magnesium ions neither activate 
nor inhibit the enzymatic reaction. The activation by calcium ions occurs 
whether the ichthyocol substrate is present in solid phase or in solution. 

5. At 0° collagenase is adsorbed to suspensions of ichthyocol, and cal- 
cium ion appears to be needed for this process. 


The authors are grateful to Mrs. Susan Epstein and Mrs. Mrya Orth 
for their technical assistance. 
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RIBONUCLEIC ACIDS FROM YEAST WHICH CONTAIN 
A FIFTH NUCLEOTIDE* 


By FRANK F. DAVIS ann FRANK WORTHINGTON ALLEN 


(From the Department of Physiological Chemistry, University of California School of 
Medicine, Berkeley, California) 


(Received for publication, October 22, 1956) 


All recent methods for the isolation of the ribonucleic acids from yeast 
vield only 20 to 70 per cent of the ribonucleic acids that can be assumed to 
be present on the basis of quantitative analyses. There have been no 
studies regarding the nature of the ribonucleic acids that are lost during 
isolation, but it has tacitly been assumed that those which are lost have 
the same properties as those which are isolated. 

In the procedure of Crestfield, Smith, and Allen (1), 60 to 70 per cent of 
the ribonucleic acids from bakers’ yeast is isolated by a final precipitation 
from a 1M solution of sodium chloride at 0°. 10 to 20 per cent of the total 
ribonucleic acids of the yeast is soluble in a | M solution of sodium chlo- 
ride, together with certain proteins and deoxyribonucleic acids. 

The present communication deals with the isolation, purification, and 
characterization of the ribonucleic acids which are soluble in sodium chlo- 
ride, and also describes the isolation and certain properties of a fifth nucleo- 
tide component which became evident in studying the action of ribonu- 
clease on these ribonucleic acids. 


Preparation of Fractions 


Materials and Reagents—Bakers’ yeast (Saccharomyces cerevistae) was 
kindly supplied directly from the filter press by the Red Star Yeast and 
Products Company, Oakland, California. Salmine sulfate was purchased 
from the Krishell Laboratories, Inc., Portland, Oregon. Sodium dodecyl 
sulfate was recrystallized from Duponol C as described previously (1). 

Fractionation Procedure—2 pounds of yeast were divided into 150 gm. 
lots and subjected to the procedure of Crestfield et al. (1) for the prepara- 
tion of ribonucleic acids from yeast. The ribonucleic acids obtained by 
this procedure will be referred to hereafter as Fraction A. The super- 
natant liquid from the sodium chloride precipitation step (Step 3) was 
treated with 2 volumes of cold ethyl alcohol. The precipitated material 
was collected by centrifugation and, after drying in vacuo, dissolved in 
water; its volume was one-tenth the original volume of the supernatant 


* Supported in part by grant-in-aid No. RG-2496, United States Publie Health 
Service, and by Cancer Research Funds of the University of California. 
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liquid from which the precipitate had been obtained. The pH was adjusted 
to 7.0 by the addition of dilute acetic acid, and a small amount of turbidity 
was removed by centrifugation. Solid sodium chloride was added to bring 
the final concentration to 1M. The solution was cooled to —8°. It be- 
came viscous and turbid, but no formation of a gel was noted. After } 
hour the solution was centrifuged at 2000 r.p.m. for 2 hours at —8°. A 
light colored precipitate which was overlaid with a trace of gray material 
was obtained. This second sodium chloride precipitate (Fraction B) was 
washed three times with 67 per cent, 80 per cent, and 100 per cent cold 
ethyl alcohol, then with ether, and dried in vacuo. The supernatant liquid 
was treated with 2 volumes of cold ethyl alcohol. The precipitate (Frac- 
tion C) was washed with cold alcohol and ether and dried in vacuo. 

Purification of Fractions by Use of Salmine—Fractions B and C con- 
tained approximately 25 per cent ribonucleic acids. Each fraction was 
freed of the bulk of contaminating proteins by precipitation of the ribo- 
nucleic acids as salmine nucleates by use of the following procedures: The 
material was dissolved as a 0.5 per cent solution in water, and the pH was 
adjusted to 7.0. A 0.5 per cent solution of salmine sulfate at pH 6.0 was 
added slowly with stirring until no further precipitation of salmine nucleate 
was obtained. The solution was adjusted to pH 6.5 and centrifuged at 
2000 r.p.m. for 15 minutes at 4°. The precipitate was washed three times 
with 50 ml. portions of cold water. 

Dissociation of Salmine Nucleates—Tests on Fraction A had shown that 
the addition of sodium dodecyl! sulfate to a suspension of salmine nucleates 
extracts the ribonucleic acids with the formation of a finely dispersed pre- 
cipitate, presumably a complex of salmine and dodecyl] sulfate. Accord- 
ingly, the salmine nucleates which were obtained from Fractions B and C 
and from 1 gm. of Fraction A were suspended in cold distilled water (Frac- 
tion A, 100 ml.; Fractions B and C, 25 ml.), and a 1 per cent solution of 
sodium dodecyl] sulfate in 0.01 mM phosphate buffer at pH 6.5 was added in 
an amount which was sufficient to bring the ribonucleic acids into solution. 
The mixtures were stirred for 1 hour at 0°, and the salmine dodecy! sulfate 
complex was removed by centrifugation for 1 hour at 40,000 r.p.m.  Re- 
coveries of 95 to 98 per cent of the material which absorbs ultraviolet light 
at 260 my were obtained. The supernatant solutions were dialyzed for 
24 hours against several changes of distilled water, lyophilized, and stored 
in vacuo. 

Hydrolysis of Fractions with Ribonuclease and Discovery of Hitherto Un- 
reported Ribomononucleotide—10 mg. portions of Fractions A, B, and C 
were treated with ribonuclease as reported previously (1) and submitted to 
paper chromatography in two directions (2). The hydrolysate of Fraction 
A yielded cytidylic and uridylic acids as the only major constituents to 


ve 


F. F. DAVIS AND F. W. ALLEN 909 


move out in the second dimension of the chromatogram. Fractions B and 
(, however, contained a third component which has an Fy, in the second 
solvent system similar to that of guanylic acid. Its R, in the first dimen- 
sion is about four-fifths of that of uridylic acid (Fig. 1). The areas corre- 
sponding to uridylic acid, cytidylic acid, and the unknown component were 
cut from the chromatograms of all three fractions and extracted with 0.01 
u HCl. The extinction coefficients provided by Cohn (3) were employed 
to determine the molar concentrations of uridylic and cytidylic acids, and 


Fraction A Fraction © 


<> D 
D 


Fic. 1. Descending paper chromatography in two dimensions of ribonuclease 
hydrolysates of Fractions A and C (1 mg. samples). The first dimension is in the 


vertical direction of the figure. C is eytidylie acid, U is uridylic acid, and the ques- 
tion mark indicates the unknown nucleotide. 


the amount of the unknown component was calculated from its extinction 
per gm. atom of phosphorus. The results are shown in Table I. 
Mononucleotide Compositions of Fractions A, B, and C—The unknown 
substance from the ribonuclease digest was found to be relatively stable to 
alkali. Alkaline hydrolyses of Fractions A, B, and C were carried out 
according to Smith and Allen (2). Chromatography, elution of areas, and 
estimation of nucleotide concentrations were the same as those for the 
ribonuclease hydrolysates, with the exception of the unknown component 
and guanylie acid, which are only partially resolved from each other in 
these solvents. The areas which contained these substances were cut as 
a band from each chromatogram. Each band was cut so that one edge 
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was straight and the opposite edge cut to a pointed tip. The components 
were concentrated at this tip by placing the base of the cutout in a beaker 
and adding a small amount of water, the supply of which was replenished 
as the water evaporated from the paper. ‘This process was repeated four 
times. The tip was then cut off and extracted with a small amount of 
water, and the extract was spotted on a sheet of chromatographic paper. 
The chromatogram was developed in the buffered isobutyrate which was 
used previously in the first dimension, but for a period of 60 hours instead 
of the usual 24 hours. This sufficed to separate the unknown component 
from guanylic acid. The areas which contained the substances were then 
treated as before. Table I reports the analyses. 

Nature of Unknown Component—-The unknown component is a ribo- 
mononucleotide, as shown by the following experiments on material iso- 


TaBLeE I 
Analytical Data on Fractions of Ribonucleic Acids from Yeast 


Fraction A| Fraction B Fraction C 
Adenylic acid, moles per 100 moles...................... 25 21 20 
Unknown nucleotide, moles per 100 moles............... 3 7 4) 
Cytidylic acid liberated by ribonuclease, % of total..... 50 51 52 
Unknown nucleotide liberated by ribonuclease, % of total. 48 47 


lated from ribonuclease digests of yeast ribonucleic acids: (a) The substance 
is stable to 1.0 m NaOH at 100° for 1 hour. Material from peak b treated 
in this fashion showed chromatographic behavior on paper in two solvents 
(2) identical with that of the untreated material. Absorbance ratios of 
the treated and untreated material were identical. (b) The substance is 
dephosphorylated readily by bovine intestinal phosphatase and at the same 
rate as ribomononucleotides. (c) The dephosphorylated product exhibits 
enhanced mobility on electrophoresis in borate buffer at pH 9.2, as com- 
pared to carbonate buffer at the same pH and ionic strength. This be- 
havior is characteristic of compounds with unsubstituted czs-hydroxyl! 
groups, such as ribose. The increase in mobility is equal to that exhibited 
by ribose nucleosides. The original phosphorus-containing substance does 
not exhibit an increase in mobility in borate buffer, as compared to car- 
bonate buffer, so the phosphate group is probably esterified at one of the 
cis-hydroxyl groups. (d) 1 mg. of the unknown component was treated 
with dicyclohexylearbodiimide for } hour according to the procedure of 
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Dekker and Khorana (4) for preparing nucleoside 2’ ,3’-phosphates. The 
reaction mixture was chromatographed in the isopropyl alcohol-ammonia- 
water system of Markham and Smith (5). 30 per cent of the substance 
was converted to a compound with about twice the Ry of the major band, 
which, by chromatography and _ electrophoresis, appeared to’ be an 
unchanged starting compound. By electrophoresis, the faster moving com- 
ponent was found to lack a group that dissociates in the secondary phos- 
phate region, but it was equal in mobility to the starting material in for- 
mate buffer at pH 3.5. It can therefore be concluded that this compound 
is the 2’,3’ cyclic phosphate analogue of the mononucleotide. On treat- 
ment with ribonuclease this substance is converted completely to the origi- 
nal starting material. 

Chromatographic and Electrophoretic Properties of Unknown Nucleotide— 
In the isobutyrate buffer of Magasanik et al. (6), the substance exhibits a 
movement (Ry = 0.20) of about four-fifths that of uridylic acid. In iso- 
propyl! alcohol-acetic acid-water (60:30:10) (7), its Ry is one-half that of 
uridylic acid. ‘The dephosphorylated compound has an fy, relative to 
uridine of 0.50 in the butanol-formic acid solvent of Markham and Smith 
(8), 0.52 in water-saturated n-butanol (8), and 0.51 in butanol-ammonia (8). 

Electrophoresis on paper shows the nucleotide to have a mobility about 
95 per cent of that of 3’-uridylic acid at pH 2, 3.5, and 9.2. These mobili- 
ties indicate (a) the absence of an amino group on the base and (b) an 
enolic group which dissociates in the same pH region as that of the uracil 
moiety of uridylic acid. The dephosphorylated material moves slightly 
faster toward the anode than uridine in either borate or carbonate buffers 
of pH 9.2. 


Large Scale Preparation of Unknown Component and Investigation 
of Its Properties 


Preparation—2 pounds of bakers’ yeast were treated with hot sodium 
dodecyl! sulfate as in the procedure of Crestfield et al. (1). The solution 
was centrifuged, and crude ribonucleic acids were precipitated by the addi- 
tion of 2 volumes of ethyl aleohol. The precipitate was washed twice with 
67 per cent ethyl alcohol, then dissolved in 200 ml. of water, and 100 mg. 
of crystalline ribonuclease (Armour) were added. The mixture was kept 
for 24 hours at 37° and lyophilized. The dried material was dissolved in 
the minimal volume of water (100 ml.) and pipetted onto a column of 
Whatman cellulose powder (44 em.? X 50 c¢m.), which had been equilibrated 
with isopropanol-glacial acetic acid-water (80:15:5, v/v). The column 
was developed with the same solvent. Uridylic acid appeared in the first 
peak, closely followed by cytidylic acid and the unknown compound. 
Some trailing of the various compounds occurred, and the fractions which 
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contained the unknown substance also contained substantial amounts of 
cytidylic acid together with traces of uridylic acid. The fractions which 
contained the major portion of the unknown were combined, and the sol- 
vent was removed by distillation at low pressure. The gummy material 
which remained after removal of solvent was dissolved in 10 ml. of water 
and placed on a column (4.9 em.? K 64 em.) of Dowex 50 (50 to 100 mesh) 
in the hydrogen ion form. The column was developed with water. The 
unknown compound and uridylic acid appeared as a single peak when | 
bed volume of water had been passed through the column. The cytidylic 
acid peak appeared at about 2 bed volumes. The fractions which con- 
tained the unknown and uridylic acid were pooled, adjusted to pH 5.0 
with a dilute solution of ammonia, and lyophilized. Paper chromatog- 
raphy of the material at this point showed that about four-fifths of the 
substances which absorbed ultraviolet light at 2537 A was the unknown 
nucleotide; the remainder was uridylic acid. Uridylic acid was removed 
from the unknown by washing the mixture onto a 4.9 cm.2 X 16 cm. col- 
umn of Dowex 1 (200 to 400 mesh, 8 per cent cross-linked, formate form) 
and developing with 0.05 M ammonium formate-0.01 m formic acid (solvent 
flow, 2.5 ml. per minute, 20 ml. fractions (9, 10)). A minor peak emerged 
after 2 liters of solution had been passed through the column. This was 
followed immediately by a major peak which constituted 91 per cent of 
the total absorbance units of the two peaks at 260 my. These peaks, 
which were found not to contain uridylic acid, were labeled unknown nu- 
cleotide a and unknown nucleotide b, in the order of their appearance. 
This method of designating nucleotide pairs was first introduced by Cohn 
(11). In this instance, nucleotide a was probably formed from nucleotide 
b during the lengthy separation procedures. The fractions of each peak 
were pooled and lyophilized. Ammonium formate was removed by ex- 
tended lyophilization with the flask immersed in warm water. The dried 
material was washed twice with small amounts of ice-cold absolute alcoho! 
and dried in vacuo. 

Spectral Data—The ultraviolet absorption spectrum of material from 
peak b was determined at pH 2,7, and 12. These data are shown in Fig. 2. 
Noteworthy is the pronounced bathochromic shift which is noted at pH 
12 and which is also observed with the nucleoside and with material from 
peak a. Table II gives a compilation of data on nucleotides a and b and 
the nucleoside. Nucleotide b contains a group with a dissociation constant 
of 9.6, as determined by the spectrophotometric method of Shugar and 
Fox (12). 

Resolution of Nucleotides a and b by Electrophoresis on Paper—Nucleo- 
tides a and b are resolved under the same conditions as are the 2’ and 3’ 
isomers of cytidylic and uridylic acids (13). Nucleotide b is the faster 
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moving component under these conditions; nucleotide a has a mobility 
0.97 that of the b isomer. The cyclic nucleotide which was synthesized by 
treating nucleotide 6 with N ,N’-dicyclohexylearbodiimide was found by 


0.9fF at 220 mu pH 
curve reads \\PH? pH 12 
1.20 \ 
pH2 
= 06 
c 
6 rf 
0.2 
220 240 260 280 300 320 


Wave Length, 
Fic. 2. Absorption curves of the unknown b nucleotide at pH 2.0, 7.0, and 12.0 


TABLE II 
Spectral Data on Unknown Nucleotide a, Nucleotide b, and Nucleoside 
Spectral data for b nucleotide 
pH 
Amax e(P)max Amin ¢(P)min €(P)260 €(P)2s0 
my 108 my 108 108 108 
2 263 8.4 233 2.3 8.3 3.6 
12 286 8.4 246 2.1 3.2 7.8 
Ratio, Ratio, Ratio, 560 
Nucleo- Nucleo- | Nucleo- Nucleo- Nucleo- Nucleo- Nucleo- Nucleo- | Nucleo- 
tide a tide b side tide a tide b side tide a tide b side 
2 0.76 0.74 0.75 0.38 0.42 0.44 0.06 0.07 0.08 
12 0.66 0.63 0.68 2.04 2.09 1.96 2.10 2.18 2.02 


this method to yield nucleotide b upon treatment with ribonuclease. ‘The 
nucleotide isolated from chromatograms of ribonuclease digests of yeast 
ribonucleic acids was also found to be the b isomer. 
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Studies on Nature of Carbohydrate Component—Baron and Brown (14) 
demonstrated the utility of hydrazine to degrade pyrimidine nucleosides 
and obtain the free carbohydrate. A similar procedure was employed 
here. 3 mg. of the unknown nucleoside were treated with 200 ul. of hy- 
drazine hydrate at 100°. The reaction was followed by observing the loss 
of absorption at 260 mu. In 23 hours four-fifths of the absorption at 260 
my was lost. Uridine treated in a similar manner reacted almost com- 
pletely with hydrazine in 15 minutes. The reaction mixture was treated 
with 0.5 ml. of benzaldehyde and warmed for a few minutes. Excess 
benzaldehyde and its reaction products were extracted with ether. <A 5 
ul portion of the clear aqueous solution was submitted to electrophoresis 
on paper in 0.2 ionic strength borate buffer at pH 9.2. Carbohydrate 
areas were located by spraying the paper with aniline biphthalate reagent 
(15). The chromatogram showed only one area which gave a positive 
sugar test, and this area moved at a rate identical to p-ribose and to the 
carbohydrate which was obtained by submitting uridine to hydrazinolysis. 


DISCUSSION 


The ribonucleic acids which are not precipitated by 1.0 mM sodium chloride 
in the procedure of Crestfield, Smith, and Allen (1) differ substantially in 
their nucleotide compositions from those which are precipitated by 1.0 m 
sodium chloride. The sodium chloride precipitation step, then, causes a 
fractionation of the ribonucleic acids, though the material remaining in 
the supernatant liquid constitutes only 5 to 10 per cent of the ribonucleic 
acids which are originally present in the yeast. 

It is now evident that ribonucleic acids from a single source may differ 
not only in the arrangement of nucleotides, but in the relative amounts of 
each nucleotide in the various polynucleotide chains. Since the unknown 
nucleotide is liberated by ribonuclease to the same extent as are the pyrimi- 
dine nucleotides, it can be inferred that the base is non-purine in nature. 

There would appear to be several reasons why the compound has not 
been reported previously in digests of ribonucleic acids. The nucleotide 
does not appear to be present in very high concentrations in those ribonu- 
cleic acids so far isolated. It is present in greatest concentration in the 
more soluble fractions of ribonucleic acids, and these fractions would be 
most readily lost during isolation procedures. In chromatographic sepa- 
rations with isobutyrate buffer (6) of alkaline digests of ribonucleic acids in 
one direction, the nucleotide would be included in the combined uridylic 
acid-guanylic acid area. The determination of the amounts of these two 
nucleotides by absorption readings at two wave lengths would yield a high 
value for uridylic acid, since the absorption spectrum of the unknown 
nucleotide is similar to that of uridylic acid at the pH which is employed. 
If the hydrolysate is resolved into its component parts by chromatography 
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in two dimensions (2), the unknown nucleotide moves sufficiently close to 
guanylic acid to be included with guanylic acid in estimations of nucleotide 
quantities. With ribonucleic acid hydrolysates separated by paper elec- 
trophoresis, the nucleotide would be included in the uridylic acid fraction. 
In ion exchange chromatography in which Dowex 1 is employed, the nu- 
cleotide is eluted from the column prior to uridylic acid. The position 
which the unknown nucleotide would occupy in an elution diagram of an 
anion exchange resin analysis of a nucleotide mixture has not been deter- 
mined. Cohn and Volkin (10) report an analysis of an alkaline digest of 
calf liver ribonucleic acids by the use of Dowex | resin in which two minor 
unidentified peaks were observed between the adenylic acid b peak and the 
uridylic acid a peak. The absence of data does not permit conclusions 
regarding a possible relationship between the unidentified fractions of the 
Oak Ridge group and the present nucleotide. 


SUMMARY 


Yeast ribonucleic acids which are soluble in 1.0 M sodium chloride differ 
in nucleotide composition from those that are not. The most notable 
difference is a higher content of a fifth ribomononucleotide which is dis- 
tinguished by a pronounced bathochromic shift in its ultraviolet absorp- 
tion spectrum at alkaline pH values. The new nucleotide is liberated from 
yeast ribonucleic acids by ribonuclease and by alkaline hydrolysis, in the 
latter case as isomeric 2’- and 3’-ribose phosphates. It has been separated 
by paper and ion exchange chromatography from the various digests, the 
b form being obtained from ribonuclease digests of the ribonucleic acids or 
of the 2’ ,3’-phosphate. 
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SEX DIFFERENCES IN ORIENTATION OF REDUCTION 
PRODUCTS OF 3-KETO-Cy STEROIDS BY RAT 
LIVER HOMOGENATES* 


By BETTY L. RUBIN 


(From the Worcester Foundation for Experimental Biology, 
Shrewsbury, Massachusetts) 


(Received for publication, November 9, 1956) 


The reduction of the 3-keto group of androgens to both 3a- and 3,- 
hydroxy! groups has been demonstrated both zn vivo and in vitro. That the 
liver contains enzymes which effect these transformations is known from 
studies of Kochakian and his coworkers (1-4), Samuels and West (5), 
Stewart and Samuels (6), Samuels and Helmreich (7), Schneider and Ma- 
son (8), and Ungar and Dorfman (9). 

This paper presents data demonstrating a sex difference in the reduction 
by rat liver homogenates of the 3-keto group of androstane-3,17-dione 
and A‘-androstene-3 ,17-dione. Homogenates of liver from male and fe- 
male rats yielded the same products, androsterone (3a) and epiandrosterone 
(38), and the total quantities of reduced products were the same, but the 
ratio of 36- to 3a-hydroxylated products depended upon the sex of the 
animal from which the liver was obtained. 


EXPERIMENTAL 


Adult male or female Charles River albino rats, or other strains as spe- 
cifically noted (250 to 300 gm.), fed on Purina laboratory chow, were killed 
by decapitation. Guinea pigs, mice, hamsters, and turtles were also killed 
by decapitation. Rabbits were killed by a blow on the head. Livers from 
one or two rats, as indicated in Tables I to VI, from four mice, and from 
single rabbits, guinea pigs, and turtles, were homogenized. 

Incubation Procedure—The livers were homogenized in the cold in a 
Potter-Elvehjem all-glass homogenizer. The homogenizing medium was 
similar to that described by Samuels and West (5), containing 0.0056 m. 
potassium chloride, 0.0021 M magnesium sulfate, 0.08 mM sodium chloride, 
0.04 m phosphate buffer (pH 7.4), 0.1 per cent glucose, 0.001 M sodium cit- 
rate, and 0.005 mM nicotinamide. The livers were homogenized on the 


* These studies were supported in part by research grant No. A-411, Division of 
Research Grants, National Institutes of Health, United States Public Health Serv- 
ice, and by contract No. AT(30-1)-918, United States Atomic Energy Commission. 

t Present address, Department of Biochemistry, Albert Ikinstein College of Med- 
icine, Yeshiva University, New York, New York. 
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basis of 1 gm. of tissue to 1 ml. of fluid and filtered through gauze, yield- 
ing approximately 1.5 ml. of homogenate for each gm. of tissue.  Dilu- 
tions of this homogenate, containing approximately 0.5 and 0.25 gm. of 
tissue per 1.5 ml., were made with homogenizing medium. The nitrogen 
content (mg. of N) of each concentration was determined by a micro- 
Kjeldahl procedure (10). 

Approximately 1 mg. of substrate, dissolved in 0.06 ml. of propylene 
glycol, was incubated with 1.5 ml. of each homogenate concentration in 
duplicate in 20 ml. beakers. Tissue blanks were always incubated. 3 
mg. of diphosphopyridine nucleotide (DPN), dissolved in phosphate buffer 
(pH 7.4), were added immediately before incubation, which was carried 
out in a Dubnoff shaking incubator, in air, at 38°, for 2 hours. 

Analytical Procedure—The reaction was stopped by addition of acetone 
to the beakers, and the contents were quantitatively washed into 125 ml. 
Erlenmeyer flasks with at least 30 ml. of acetone. After being allowed to 
stand overnight, or after continuous shaking for 1 hour on a mechanical 
shaker, the acetone was filtered off and evaporated on a steam bath in 
vacuo to dryness. ‘The residue was transferred with chloroform to a 15 ml. 
conical centrifuge tube and evaporated under nitrogen at 60—90°, to a vol- 
ume of 0.2 ml. This concentrated extract was then applied to a 2 em. 
quantitative paper chromatogram (11), and chromatographed in a system 
chosen to resolve the expected products. 

When the substrates were androstane-3,17-dione, A‘-androstene-3 , 17- 
dione, androsterone, and epiandrosterone, the extracts were chromato- 
graphed from 21 to 24 hours in the ligroin-propylene glycol system, with 
androsterone and epiandrosterone as standards. The Zimmermann reac- 
tion (12) was carried out on 2 mm. strips from each side of the 2 cm. strip, 
and a quantitative Zimmermann determination (13) was made on the cor- 
responding zones eluted from the remainder of the strip. The values 
reported are the means of duplicate determinations, corrected for the tis- 
sue blanks. Recovery of androsterone (50 to 200 y), added to the most 
concentrated homogenate, was 68 + 3 per cent, and recovery of epiandros- 
terone (50 to 200 y) was 76 + 2 per cent, in twelve trials with each steroid.’ 
Because of the high fat content of many of the liver extracts, there was 
sometimes no resolution of the androsterone and epiandrosterone zones. 
The unresolved Zimmermann-positive zone was eluted and chromato- 
graphed for 22 hours in the ligroin-propylene glycol system. Resolution 
was always obtained in a second chromatogram. 

The extracts from the etiocholane-3,17-dione incubations were chro- 
matographed for 21 hours in the ligroin-propylene glycol system, with 


1 Since recovery was consistent over the range from 50 to 200 y, no correction was 
made and the values reported are those actually determined. 
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A‘-androstene-3 ,17-dione and etiocholan-3a-ol-17-one as standards. The 
extracts from incubations of pregnane-17a,21-diol,3,20-dione were chro- 
matographed for 65 hours in the toluene-propylene glycol system, with 
pregnane-3a,17a,21-triol-20-one and pregnane-3,17a,21-triol-20-one as 
standards. The blue tetrazolium reaction was used to locate the steroid 
zones. 

Reduction of Androstane-3 ,17-dione to Epiandrosterone (38) and Andros- 
terone (3a) by Livers of Normal Rats—After incubation of androstane-3 , 17- 
dione with liver homogenates from male and female rats, two Zimmermann- 
positive zones, having mobilities similar to those of androsterone and 
epiandrosterone, were observed. As an additional control experiment to es- 


TABLE [ 


Conversion of Androstane-3,17-dione to Androsterone (3a) and Epiandrosterone 
(38) by Liver Homogenates of (Charles River Albino) Male and Female Rats 


Androstane-3, 17- 
Sex of animal dione substrate Tissue concentration Total product Ratio* 38:3a 
concentration 
Y gm. mg. N Y 

M 1220 1.0 19.5 581 3.5 
1000 0.5 27.6 367 3.0 
1425 1.0 39.5 594 3.3 
1000 1.0 19.5 537 2.3 
1000 1.0 27.0 516 2.3 

F. 985 0.5 19.1 494 0.12 
1000 | 1.0 24.0 511 0.16 


* Mean values for duplicate determinations, each homogenate from livers of two 
rats. 


tablish the identity of the products of incubation, a large scale experiment 
was performed. The homogenates of 15 gm. of liver from male rats and 
of 7.5 gm. of liver from female rats, respectively, were incubated with 15 
mg. of androstane-3,17-dione. Chromatography of each of the extracts 
again revealed the two zones which give positive Zimmermann reactions, 
one with the mobility of androsterone, the other with that of epiandros- 
terone. The compounds were eluted from the respective zones and their 
identities confirmed by infrared analysis.2. In subsequent incubations, 
steroid products having similar mobilities were assumed to be the same. 
In Table I are listed the ratios of 38:3a@ hydroxylated products obtained 
in five incubations with homogenates containing 0.5 to 1.0 gm. of liver from 
male rats, and two incubations with homogenates of liver from female 


? Infrared analyses were carried out by Mr. Paul Skogstrom and Mr. Paul Potvin, 
under the direction of Dr. Harris Rosenkrantz. 
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rats. The total products formed (androsterone plus epiandrosterone) did 
not differ significantly with the sex of the animal. For livers of male rats 
the ratios varied from 2.3 to 3.5. For livers of female rats, the ratios found 
were 0.12 and 0.16. 

The ratio of 38:3a depended in part upon the tissue concentration. Two 
typical experiments are presented in Table II. Three concentrations of 
homogenate, containing 0.25, 0.5, and 1.0 gm. of tissue per 1.5 ml., were 
prepared from 10 gm. of liver from two male rats and from 10 gm. of liver 
from two female rats, with homogenizing medium as diluent; duplicate 
determinations were made of the 36:3a@ ratio for each concentration. The 
difference between the 36:3a@ ratios of the two sexes was present, but 
was less striking at a lower tissue concentration than at the higher ones. 


TABLE II 


Influence of Tissue Concentration on 38:3a Ratio; Two Typical Experiments 
The substrate = c, 1.0 mg. of androstane-3, 17-dione. 


Sex of animal Tissue concentration Total product Ratio* 38:3a 

gm. mg. N 

M. 0.25 5.4 389 1.4 
0.5 9.9 426 2.4 
1.0 19.5 537 2.3 

F. 0.25 6.0 508 0.50 
0.5 11.5 519 0.17 
1.0 24.0 517 0.16 


* Mean values for duplicate determinations, each homogenate from livers of two 
rats. 


Throughout the rest of the paper, all of the data presented will be those 
values obtained from incubation of 0.5 or 1.0 gm. of liver. 

Other strains of rats were also examined. Livers from a strain of wild 
brown rats from Baltimore* gave ratios similar to those obtained with 
livers from Charles River rats. The mean ratio for male rats was 1.7 and 
that for female rats 0.26. Livers from male hooded rats gave a mean 
38:3a ratio of 1.6 and livers of female hooded rats a ratio of 0.3. Sher- 
man rats showed a more exaggerated difference. The ratio for male rats 
was 5.5. In two experiments, incubation with livers from female rats did 
not produce detectable amounts of epiandrosterone, so that the ratio must 
be assumed to be less than 0.1. 

Influence of Gonadectomy and of Hormone Administration upon the 3B:3a 
Ratio—The influences of gonadectomy and hormone administration in 
gonadectomized and normal rats are shown in detail in Tables IIT and IV. 


3 Very kindly supplied by Dr. Curt Richter. 
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In the first experiment shown in Table III, castration of male rats brought 
about a change of the 36:3a ratio from 2.3 for the intact male rat to 0.30, 
a figure typical for female rats. This ratio was restored toward that of 
normal males by administration of testosterone propionate (0.5 mg. per 
day for 14 days), injections starting 7 weeks after castration. Adminis- 
tration of 0.1 mg. of estradiol-178 for 14 days caused no significant change 


TABLE III 


Influence of Gonadectomy and Hormone Administration on 3-Keto Reduction of 
Androstane-3,17-dione by Homogenate of Liver from Male Charles River Rats 


The substrate = 1000 y. 


Status Treatment, amount and duration* ‘Tissue concentration yl 
gm. mg. N 

Normal 0 1.0 19.5 2.3 
Gonad X | 0 1.0 26.4 0.3 
Testosterone propionate (0.5 mg. X 14 days) | 1.0 25.8 1.8 
Estradiol-178 (0.1 mg. X 14 days) 1.0 28.8 0.4 
Normal 0 1.0 27.0 2.3 
Gonad X | 0 1.0 30.9 1.1 
Testosterone propionate (0.2 mg. X 14days) | 1.0 25.4 1.6 
17-E-thyl-19-nortestosterone (0.2 mg. K 14 1.0 20.4 1.1 

days) 
17-Ethyl-19-nortestosterone (0.56 mg. X 14 1.0 24.5 2.7 

days) 
Gonad X | Methyltestosterone (1.0 mg. & 14 days) 1.0 27 .6 2.2 
a Androstan-178-ol-3-one (2.0 mg. X 14 days) | 1.0 | 27.2 1.8 
Normal Testosterone propionate (2.5mg. X l4days) | 1.0 = 29.5 13.3 


* Hormone administration begun 7 weeks after gonadectomy. Controls gonadec- 
tomized 9 weeks before incubation. | 

t Mean values for duplicate determinations, each homogenate from livers of two 
rats. 


in ratio from that of untreated castrated male rats. After injection of 
methyltestosterone (1 mg. per day for 14 days) and androstan-17@-ol-3- 
one (2 mg. per day for 14 days), the ratios were 2.2 and 1.8, respectively. 
In the second experiment, castration caused the ratio to decrease from 2.3 
to 1.1 after 9 weeks. Castrated animals, treated for the last 14 days with 
0.2 and 0.5 mg. of testosterone propionate per day, had ratios of 1.6 and 2.6, 
respectively. Animals treated with 17-ethyl-19-nortestosterone,* which 
is as active as testosterone in myotrophic activity, but only 6 per cent as 


‘We are indebted to Dr. A. L. Raymond of G. D. Searle Company for his gift of 
17-ethyl-19-nortestosterone. 
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active in terms of seminal vesicle and ventral prostate response (14), 
showed ratios of 1.1 and 2.7 for doses of 0.2 and 0.5 mg. per day. 

Injection of a large amount of testosterone propionate (2.5 mg. per day 
for 14 days) into two normal male rats further increased the ratio of 38:34 
to 13.3. The effect was less striking with 0.5 and 0.25 gm. of liver than 
with 1.0 gm. of liver. 

Female rats showed no change in 36:3a@ ratio after ovariectomy (Table 
IV), and no change could be brought about by injection of ovariectomized 
female rats with estradiol-178, or with the same amount of testosterone 


TABLE IV 
Influence of Gonadectomy and Hormone Administration on 3-Keto Reduction of 
Androstane-3,17-dione by Homogenates of Liver from Female Charles River Rats 
The substrate = 1000 y. 


Status es f Treatment, amount, and duration ae... 4 
gm. | mg. N 

Normal 2 |0 1.0 | 24.0 | 0.16 
Gonad X | 2 | 0 1.0 | 17.8 | 0.17 
2 | Testosterone propionatet (0.56 mg. X 14 days) | 1.0 | 22.8 | 0.18 

2 * 1.0 | 30.0 | 0.30 

2 | Estradiol-178¢ (0.1 mg. X 14 days) 1.0 | 25.5 | 0.12 

2 | Testosterone propionatet (2 mg. X 14 days) 1.0 | 33.2 | 0.9 

1 1.0 | 25.5 | 0.7 

1 1.0 | 26.3 | 1.4 

1 > 1.0 | 27.8 | 1.0 

1 1.0 | 27.6 | 2.0 


*Mean values for duplicate determination, each homogenate from livers of one 
or two rats, as indicated. 

t Hormone administration begun 7 weeks after gonadectomy. Controls gona- 
dectomized 9 weeks before incubation. 

t Hormone administration begun 1 day after gonadectomy. 


propionate which restored to normal the ratio obtained with liver from 
castrated male rats. However, injection of 2 mg. of testosterone pro- 
pionate per day for longer periods of time elicited an increase in the 36:3a 
ratio, a ratio of 2.0 being obtained after 84 days of treatment. 

Influence of Duration of Castration on 38:3a Ratio—The results shown 
in Table V indicate the degree of variability in the response of livers of 
male rats to castration. In the first experiment, the ratio 9 weeks after 
castration was 0.30, compared to a control ratio of 2.3. This degree of 
reduction was not obtained in subsequent experiments. It appears in the 
later experiments that diminution was as great 2 weeks after castration as 
after longer periods of time, and this lowering, though less striking than 
that obtained in the first experiment, was significant. 


| | 
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Influence of Substrate on 38:3a Ratio—The products of incubation of 
A‘-androstene-3 ,17-dione, identified by infrared analysis, were also andros- 
terone and epiandrosterone, whether the homogenate was made from liver 
of male or female rats. The 38:3a@ ratios were similar to those obtained 
from incubation of androstane-3 ,17-dione (3.0 for livers from males, 0.43 
for livers from females). 

Incubation of liver from male rats with testosterone gives rise mainly to 
androsterone and epiandrosterone, but incubation of liver from female 


TABLE V 


Influence of Duration of Castration on 3-Keto Reduction of Androstane-3, 17-dione 
by Liver Homogenate from Untreated Gonadectomized Male Charles River Rats 


The substrate = 1000 y. 


Time, Gonad X No. of rats Tissue concentration Ratio*® 38:3a 
(wks.) gm. mg. N 
0 2 1.0 19.5 2.3 
9 2 1.0 26.4 0.3 
2 1 1.0 26.8 0.7 
4 1 1.0 25.5 0.7 
7 1 1.0 26.4 0.6 
7 1 1.0 25.0 0.5 
9 1 1.0 35.6 0.8 
0 2 1.0 27.0 2.3 
2 2 1.0 27.8 1.2 
4 2 1.0 31.5 1.1 
7 2 1.0 25.6 0.7 
9 2 1.0 30.9 1.1 
11 2 1.0 28.1 1.1 


* Mean values for duplicate determinations, each homogenate from livers of one 
or two rats, as indicated. 


rats gives rise to androsterone and androstan-17-ol-3-one (15). This 
would seem to indicate a sex difference in liver 178-hydroxylase activity. 

When etiocholane-3 ,17-dione and pregnane-17a ,21-diol-3 ,20-dione were 
incubated with homogenate of liver from male or female rats, only one 
zone was found in each extract, even after repeated chromatography. 
The eluted steroids were identified (by infrared analysis), as the respective 
ja-hydroxysteroids. No 38-hydroxysteroids could be detected. 

38:3a Ratios Obtained With Livers of Other Species—The influence of sex 
on the reduction of the 3-keto group of androstane-3 , 17-dione by homogen- 
ates of livers of other species was also investigated in a preliminary fash- 
ion. 
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One homogenate was made of four livers from male mice and another 
from four livers from female mice. The ratios for male and female were 
2.1 and 1.2, respectively. Total products were 567 and 456 y. 

Three incubations were carried out with homogenates of livers from sin- 
gle rabbits. The ratio obtained was 3.8 in the experiment with liver from 
a male, and 0.6 and 1.6 in the two experiments with liver from females, 
The total products were 360, 288, and 159 y, respectively. 

In a single experiment, in which homogenate of liver from a single male 
hamster was incubated, the total recovery was only 150 y, all in the andros- 


TaBLeE VI 
Incubation of Rat Liver Homogenate with Androsterone (8a) and Epiandrosterone (38) 


Recovered after incubation* 


_ Tissue | Androsterone sub- | Epiandrosterone sub- 

concentration | strate (0.8-1.1 mg.) strate (1.0-1.3 mg.) 
3a 38 3-Kt 3a 38 | 3-Kt 
gm. | mg. N 

1.0 | 27.4 | 272 | 372 | >60 19 921 | 22 
1.0 | 24.8 | 467 | 11 50 | Trace | 687 | 0 
1.0 | 25.2 | 424 | 136 68 0 845 | 0 

testosterone pro- 

1.0 | 26.6 | 300 | 300 82 21 742 | 27 


* Mean values for duplicate determinations, each homogenate from livers of two 


rats. 

+ 3-K = androstane-3, 17-dione. 

t Hormone administration begun 7 weeks after gonadectomy. Controls gonadec- 
tomized 9 weeks before incubation (as in Table III). 


terone zone, giving a ratio of infinity. Homogenate of liver from a single 
female hamster produced 181 y of products, with a ratio of 2.0. 

In all the above experiments, there was a tendency for livers from males 
to produce a higher 38:3a ratio than did livers from females. In a single 
experiment, with livers from single animals, guinea pigs did not conform 
with these other rodent species. The total products were 626 and 485 y 
for male and female, respectively, and the ratios were 4.0 and 9.0. 

Quinn et al. (16) have demonstrated a sex difference in rats with regard 
to barbital metabolism. As with the difference which we report, it can be 
altered by administration of androgen to females. It cannot be demon- 
strated in other rodent species, but has been shown to occur with the com- 
mon American box turtle. Therefore, we incubated homogenates of liver 
from a male and a female turtle. Incubation of liver from the female turtle 


5 Private communication from Dr. Leo Gaudette. 
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resulted in a larger 38:3a@ ratio (3.8) than was found with liver from the 
male (1.2). Total products were 480 y for the female and 387 y for the 
male. 

Interconversion of Products—Homogenates were prepared from livers of 
normal male and female rats, castrated male rats, and castrated male rats 
treated with testosterone propionate. With each homogenate five flasks 
were incubated, one tissue blank, two containing androsterone, and two 
containing epiandrosterone. Quantitative determinations were made of 
the steroid zones whose mobilities corresponded to those of androstane- 
3,17-dione (3-K), androsterone (3a), and epiandrosterone (38). The re- 
sults are listed in Table VI. 

Epiandrosterone was converted to androstane-3,17-dione and andros- 
terone in insignificant traces, if at all, by homogenates of all types of livers. 

Androsterone was converted in good yield to epiandrosterone, and to 
significant amounts of androstane-3 ,17-dione by liver from normal male 
rats. Livers from female rats and 7 week-old castrated male rats convert 
considerably less androsterone to epiandrosterone. The normal male func- 
tion was restored by treating castrated males with testosterone propionate 
(0.5 mg. per day for 14 days). 


DISCUSSION 


The data suggest that homogenates of rat livers contain two enzymes 
which compete for substrate in reducing the 3-ketone group of androstane- 
3,17-dione. One of these enzymes, that which orients the hydroxyl group 
to the 3a position, governs a reversible reaction, whereas the other, direct- 
ing the hydroxyl group to the 38 position, appears to act in an almost ir- 
reversible reaction. Therefore, the 36:3a ratio, with respect to the prod- 
ucts, is determined chiefly by the functional concentration of the enzyme 
which disposes of the substrate irreversibly, that is, of the 3@-orienting 
enzyme, 

Ungar and Dorfman (9), working with a supernatant fluid of rat liver 
homogenate, obtained 38-hydroxy reduction of the 3-ketone of steroid 
substrates which did not have a 17-acetoxy or a dihydroxyacetone side 
chain, and 3a-hydroxy reduction of the 3-ketone of those steroids with 
such a side chain. This last result does not disagree with the theory postu- 
lated in this paper if we assume that the 38-orienting enzyme does not act 
on those steroids with the dihydroxyacetone or 17-acetoxy side chains, so 
that no competition for substrate exists between the two enzymes. The 
3e-orienting enzyme reduces etiocholane-3 ,17-dione and the C. steroid, 
pregnane-17a@,21-diol-3 ,20-dione. These findings agree with those of Tom- 
kins (17), who has purified the 3a-hydroxysteroid dehydrogenase and fur- 
ther shown that it does not oxidize the 36-hydroxy or 17-hydroxy groups. 

It is the functional activity of the 38-orienting enzyme which is influenced 
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by the presence or absence of androgen. However, since appreciable time 
after gonadectomy or after injection of androgen into gonadectomized 
male or female rats is required before an effect on the enzyme activity is 
noted, the influence of androgen cannot be directly on the hydroxylation 
process. Rather, it appears that androgen per se, or through its influence 
on some other substance, promotes the synthesis or activation of the en- 
zyme or of some cofactor necessary eventually for 36-hydroxylation. 
Samuels and Helmreich (7) postulated the same possibilities for the in- 
fluence of androgens on the adaptive synthesis of testicular 38-hydroxy- 
steroid dehydrogenase, which catalyzes the irreversible conversion of A’- 
38-hydroxyl groups to A‘-3-ketones. In this regard, the so called protein 
anabolic effects of the androgens, and specifically their effects in increasing 
the concentration or activities of other enzymes such as arginase (18), 
may be recalled. In the present experiments, a further confirmation of 
this point of view is found in the fact that the less androgenic, but equally 
myotrophic steroid, 17-ethyl-19-nortestosterone, has activity equal to that 
of testosterone propionate in this phenomenon. 


SUMMARY 


1. The ratio of epiandrosterone (38-hydroxy) to androsterone (3a-hy- 
droxy) obtained when A‘-androstene-3,17-dione and androstane-3, 17- 
dione are incubated with rat liver homogenate depends upon the sex of 
the animal from which the liver is obtained. 

2. On incubation of liver from male rats, the ratio varies from 2.3 to 3.5, 
while liver from female rats gives a ratio varying from 0.12 to 0.16. The 
total amount of product is the same in both cases. 

3. Liver from castrated male rats yields a 36:3a ratio ranging from 
0.30, a ratio characteristic of livers of female rats, to 1.1. Injection of 
testosterone propionate, methyl testosterone, androstan-17@-o]-3-one, and 
17-ethyl-19-nortestosterone restores the ratio to normal for males. 

4. Gonadectomized female rats injected with testosterone propionate 
require more androgen than do castrated males to change the ratio. 

5. Injection of estradiol-178 into females and males has no effect on the 
38:3a ratio. 

6. Pregnane-17a ,21-diol-3,20-dione, a Cx steroid, and etiocholane-3 , 17- 
dione are reduced to 3a-hydroxysteroids by livers from male and female 
rats. 

7. Liver of a single male rabbit gave a higher 38:3a ratio than did livers 
from two female rabbits, incubated singly. The homogenate of liver from 
four male mice gave a higher ratio than that from four female mice. Livers 
from single hamsters showed the same tendency. However, livers of single 
male and female guinea pigs and turtles showed the opposite tendency. 
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The author is indebted to Dr. Ralph I. Dorfman for his support of this 


problem. She also wishes to acknowledge the technical assistance of Mr. 
Garabed Babigian and Mr. 8. W. Larson. 
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THE ROLE OF GLUTAMINE IN PROTEIN BIOSYNTHESIS IN 
TISSUE CULTURE* 


By LEON LEVINTOW,ft HARRY EAGLE,f ann K. A. PIEZt 


(From the National Institutes of Health, Public Health Service, 
United States Department of Health, Education, and Welfare, 
Bethesda, Maryland) 


(Received for publication, February 1, 1957) 


A number of mammalian cell lines have been shown to require L-gluta- 
mine for survival and growth in tissue culture (1-4). In the present 
study, the role of glutamine in protein biosynthesis was investigated by 
measuring the incorporation of isotopically labeled glutamine into various 
constituents of the cell protein. A later communication will deal with 
the utilization of glutamine in the biosynthesis of nucleic acid. 


Materials and Methods 


Preparation of and Amide N'*-Labeled L-Glutamine—t-Glutamine 
was synthesized enzymatically and isolated from the reaction mixture by 
a modification of the procedure described for p-glutamine (5). A repre- 
sentative preparation follows: A mixture containing 2.3 mmoles of L- 
glutamic acid uniformly labeled with C™ (Schwarz Laboratories, Inc.), 
3.0 mmoles of disodium adenosine triphosphate (Pabst Laboratories), 3.0 
mmoles of NH,Cl, 3.0 mmoles of MgCl, and 1.2 mmoles of mercapto- 
ethanol was brought to pH 7.5 by the addition of N NaOH. Elliott’s 
purified pea enzyme (6) was added in sufficient quantity (10 to 15 mg.) 
to effect the synthesis of the theoretical amount of glutamine in 2 hours. 
During incubation at 37°, the pH of the mixture was maintained between 
7.6 and 6.6 by the addition of 1.8 mmoles of NaOH in 0.2 to0.5 mmole por- 
tions. After 6 hours the mixture was brought to pH 4.6 with acetic acid 
and the precipitated protein removed by centrifugation. The super- 
natant fluid was placed on a freshly prepared, well washed column of 
Amberlite XE-64 in the acid form (height 160 cm., diameter 2.5 cm.) 
at room temperature and eluted with water at a rate of 1 ml. per minute. 
Chloride and ammonium emerged at about 450 ml., and then glutamate 
at 500 ml. Glutamine emerged at 550 ml., together with some adenine 
nucleotide. The fractions containing glutamine were combined and 


* A portion of this work was presented at the meeting of the Federation of Ameri- 
ean Societies for Experimental Biology at Chieago, April, 1957. 

t National Institute of Allergy and Infectious Diseases. 

t National Institute of Dental Research. 
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condensed in vacuo, while the temperature of the solution was maintained 
below 35°. The material was then placed on a column of Amberlite 
IR-45 in the base form (height 25 cm., diameter 2.5 em.) and eluted with 
water at a rate of 1 ml. per minute. The glutamine emerged between 
75 and 550 ml. of eluent. These fractions were combined and condensed 
under reduced pressure, yielding a crystalline product, which was re- 
crystallized from water-alcohol. The yield was 200 mg., or 60 per cent, 
based on glutamic acid. The product was free from inorganic material 
and nucleotides and gave the theoretical quantity of ammonia upon 
treatment with a specific glutaminase. Paper chromatography of the 
product indicated that it was free from radioactive and ninhydrin-reacting 
impurities. 

L-Glutamine labeled with N'® in the amide N was prepared in a similar 
manner, N!5H,NO; being substituted for NH,Cl. With preparations 
starting with less than 100 mg. of glutamic acid, it was advantageous to 
add carrier glutamine before chromatographing the reaction mixture. 

Cultivation of Cells—The basal medium employed (7) included only 
demonstrably essential growth factors, twenty-seven in number, sup- 
plemented with 5 per cent dialyzed human serum. L-Glutamine labeled 
with C™ and L-glutamine labeled with N'® in the amide position were 
incorporated in the glutamine used in the medium, in a total concentra- 
tion of 1.5 mm. In the several experiments, the specific radioactivity of 
the glutamine was between 3220 and 31,500 c.p.m. per umole, and the 
N' content between 3 and 16 atoms per cent excess. 

Replicate cultures were prepared in 1 liter Blake bottles according to 
techniques which have been described (1-4, 7). The medium containing 
labeled glutamine was added to growing cultures and replaced after 24 
hours with fresh labeled medium. After 48 hours exposure, the cells 
were washed free from medium and harvested. The amount of growth 
during the experiment was determined by procedures described elsewhere.’ 

Preparation and Analysis of Amino Acid Pool and Protein Hydrolysates— 
The methods used in (a) the preparation of the ‘“‘amino acid pool” by the 
addition of cold TCA directly to the washed culture in situ, (b) the prepara- 
tion of the acid hydrolysate of the protein (residue after precipitation with 
hot trichloroacetic acid and washing with alcohol and ether), (c) the 
determination of the component amino acids by column chromatography, 
and (d) the measurement of their specific activity relative to that of the 
labeled substrate in the medium have been described elsewhere.! 

Hydrolysis of HeLa Cell Protein with Proteolytic Enzymes—In an acid 
hydrolysate the glutamic acid represents the sum of the glutamic acid and 


' Kagle, H., Piez, K. A., and Fleischman, R., ./. Biol. Chem., in press; Piez, IK. A., 
and Eagle, H., in preparation. 
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glutamine residues of the protein. The aspartic acid similarly represents 
the sum of aspartic acid and asparagine, and the ammonia is largely the 
sum of the glutamine and asparagine amide N. An enzymatic hydrolysate 
was therefore utilized for the separate isolation of these components of 
the protein. The washed HeLa cells were collected by centrifugation, 
suspended in 10 volumes of water, and disrupted in a 9 ke. Raytheon sonic 
oscillator. The resulting mixture, which usually contained approximately 
1.5 mg. of N per ml., was dialyzed at 5° against distilled water for 15 hours. 
A mixture of proteolytic enzymes was prepared by suspending 5 mg. each 
of crystalline trypsin, chymotrypsin, and carboxypeptidase (Worthington 
Biochemical Corporation) per ml. of water. 16 ml. of the dialyzed HeLa 
cell preparation and 0.4 ml. of m imidazole buffer, pH 7.5, were added to 
4 ml. of enzyme suspension, and the mixture was incubated with gentle 
shaking for 15 hours at 37°. This procedure effected the release of 50 to 
60 per cent of the amino acid residues of the HeLa cell protein as free 
amino acids, as judged by the Van Slyke manometric ninhydrin procedure. 
Under these conditions the amount of amino acids released by incubation 
of the crystalline enzymes alone was small; prolongation of the period of 
incubation merely increased these blank values without increasing the 
yield of amino acids from the HeLa cell protein. 

The incubation mixture was transferred to a cellophane sac and dialyzed 
against 350 ml. of distilled water for 8 hours at 5°. The dialysate was 
condensed in a vacuum to a volume of 16 ml. 

As described below, the glutamine and glutamic acid present in this 
dialysate of the enzymatic digest were isolated separately by an adaptation 
of the method of Barry (8),’ dictated by the smaller amount of material 
which was available for analysis. Asparagine and aspartic acid were 
isolated separately by an analogous method. 

Glutamine Amide Ammonia—A small quantity of ammonia present in 
the dialysate was first removed in the following manner. 3.0 ml. of 
dialysate were placed in a 20 K 150 mm. test tube fitted with an air inlet, 
1 ml. of saturated KoCO; was added, and the ammonia was driven by fairly 
vigorous bubbling into a trap consisting of 4 ml. of 0.1 N H.SO, (9). There 
was negligible hydrolysis of glutamine in 45 minutes under these condi- 
tions (5). 

After removal of the ammonia, the glutamine was hydrolyzed by one 

2 The specific activity of an amino acid isolated after enzymatic hydrolysis was 
approximately 5 per cent lower than that of the same amino acid isolated from an 
acid hydrolysate of the same protein. This discrepancy is probably the result of 
digestion of the enzymes themselves and represents an inherent error in the proce- 


dure. 
3 We are indebted to Dr. Barry for providing us with the details of his procedure 


in advance of publication. 
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of two procedures. (a) The dialysate was carefully neutralized with 
concentrated HCl and adjusted to pH 5.0 with acetic acid-sodium acetate 
buffer. 500 y of a purified glutaminase preparation from Escherichia 
coli were added (10), and the mixture was incubated for 4 hours at 37°. (b) 
The dialysate was made 0.1 N with respect to HCl, and placed in a boiling 
water bath for 45 minutes. This treatment hydrolyzed 95 per cent of 
the glutamine and had no appreciable effect on the asparagine. After 
hydrolysis of the glutamine by either procedure, saturated K»CO; was 
added and the ammonia was aerated and trapped as described above. 

Asparagine Amide Ammonia—Another 3.0 ml. aliquot of the dialysate 
was treated to remove ammonia, neutralized, and adjusted to pH 8 with 
tris(hydroxymethyl)aminomethane buffer. 0.2 ml. of guinea pig serum 
asparaginase (10) was added and the mixture was incubated for 4 hours at 
37°. The ammonia released from the asparagine by this procedure was 
then isolated in a manner similar to that described above. In certain 
experiments, both the glutamine and asparagine ammonia were isolated 
from the same sample by successive application of these procedures. 

Total Ammonia of Acid Hydrolysate—The protein of 1.5 ml. of the 
disintegrated HeLa cell preparation was precipitated with trichloroacetic 
acid and hydrolyzed with 6 nN HCl. After the hydrolysate was evapo- 
rated to dryness and the residue taken up in water, the ammonia was again 
trapped in dilute H.SO,. 

Determination of N'*—The ammonium sulfate solutions derived from 
asparagine and glutamine amide N were diluted to 10 ml. and analyzed 
for total ammonia by nesslerization of a small aliquot in a total volume of 
1 ml. In order to reduce the reagent blank, the Nessler’s solution was 
diluted with 4 parts of water. Readings were made in a Beckman model 
DU _ spectrophotometer at 420 my. Under these conditions 0.1 y of 
ammonia N could be detected. 

lor the determination of the atoms per cent N!® excess in the amino 
acids and NH; of the cellular pool and of the protein hydrolysate, aliquot 
samples were taken of the pooled peaks obtained in column chromatography 
and converted to ammonium sulfate by Kjeldahl digestion. 

Ordinary ammonium sulfate (0.7 to 1.25 mg. of N) was added to the 
samples (13 to 250 y of N) to provide sufficient material for N'® analysis 
in a Consolidated-Nier mass spectrometer.‘ 

Glutamic Acid and Aspartic Acid-—-A 3.0 ml. sample of the dialysate of 
the enzymatic digest was placed on a column of Dowex 1 acetate (height 
30 em., diameter 1.2 em.) and eluted at room temperature with 0.5 N 

‘We are indebted to Dr. DeWitt Stetten and Dr. Julius White for providing the 
facilities for the N'% determinations. These were performed by Mr. Arthur Kenney 
and Mr. William Comstock. 
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acetic acid (11). The basic and neutral amino acids emerged unresolved 
between 13 and 30 ml.; a peak between 45 and 53 ml. consisted largely of 
glutamic acid with small amounts of other material, presumably peptides of 
glutamic acid; aspartic acid was eluted as a homogeneous peak between 
120 and 128 ml. The fractions containing glutamic acid were pooled, 
condensed, and hydrolyzed with 6 N HCl. <A second passage through the 
column yielded pure glutamie acid. 

Glutamic Acid Derived from Protein Glutamine—The tubes containing 
the basic and neutral amino acids from the chromatographic separation 
described in the preceding paragraph were pooled and condensed. The 
glutamine in the mixture was then hydrolyzed with glutaminase in a 
manner similar to that described above for the isolation of glutamine 
amide ammonia. Chromatography of the incubation mixture on the 
Dowex 1 column yielded a homogeneous peak of glutamic acid derived 
from glutamine. 

Aspartic Acid Derived from Protein Asparagine—The basic and neutral 
amino acids from another chromatographic separation were condensed 
and treated with asparaginase. A second passage through the column 
yielded aspartic acid derived from asparagine. 

Determination of Specific Activities—The column effluents were condensed 
and analyzed by the colorimetric ninhydrin procedure (12). Samples 
were then plated and the radioactivity was determined according to 
methods which have been described.' 


Results 


Degradation of Glutamine in Culture Medium—The findings described 
below must be interpreted in light of the fact that there was a rapid break- 
down of glutamine in the culture medium to glutamic acid and ammonia 
during incubation (Fig. 1). Little ammonia was found when the medium 
was incubated without cells, indicating that the decomposition of the 
glutamine was due to the metabolic activity of the cells. The manner in 
which the cells effect this reaction is under study. The maximal con- 
centration of glutamic acid arising from this reaction was far less than 
that necessary for the maintenance and growth of cells in the absence of 
glutamine (3). 

Utilization of Glutamine Carbon for Biosynthesis of Alanine, Aspartic 
Acid, Glutamic Acid, Glycine, Proline, and Serine—When the HeLa cell 
Was grown in a complete but minimal medium embodying only the essential 
amino acids, vitamins, salts, and glucose, supplemented with 5 per cent 
dialyzed serum, the C'-glutamine added to the medium was rapidly in- 
corporated into cell protein. The specific activities of the amino acids 
isolated by column chromatography from the acid hydrolysate are sum- 
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marized in Table I, in each instance referred to that of the glutamine in 
the medium as 1. It is evident that glutamine, or glutamic acid derived 
from it, was used for the production of the nutritionally non-essential 
aspartic acid and proline, and that in tissue culture, as with microorganisms 
and in tissue slices, the latter three compounds are metabolically inter- 
related to a major degree. The fact that the specific activities were 
usually less than that of the glutamine of the medium, even after correc- 
tion for the inoculum, implies that to a certain extent the carbon skeleton 
of these three amino acids is derived from sources other than glutamine. In 
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Fig. 1. The evolution of ammonia in the medium during the growth of HeLa cell 
cultures. Replicate cultures were planted in T-30 flasks with 2.76 mg. of protein 
per flask. The flasks contained 4.21 mg. of protein at the conelusion of the experi- 
ment. The concentration of glutamine in the medium was 2.0 wmoles per ml. Am- 
monia was determined on 1 ml. aliquots of the medium by the aeration procedure 
described in the text. The values are corrected for ammonia formation in medium 
incubated without cells. 


several experiments, when the experimentally observed specific activity of 
the aspartic or glutamic acid in the protein hydrolysate was corrected for 
the cells present at the start of the experiment, the resulting specific 
activities were greater than those of the parent glutamine. Similar 
observations have been made with phenylalanine and tyrosine,! and 
presumably reflect the replacement of unlabeled amino acid residues of 
the initial protein by C™ residues. 

As shown in Table I, glutamine carbon was used by the cell for the 
synthesis of alanine, serine, and glycine only to a limited degree, despite 
the fact that the medium lacked these three amino acids and that their 
biosynthesis was necessary for growth. When the six nutritionally non- 
essential amino acids were added to the medium (Experiment 4, Table I), 


rr 
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glutamine carbon was no longer used for the biosynthesis of alanine, 
glycine, and serine. Its utilization for the biosynthesis of aspartic acid 
and proline was greatly decreased, but the specific activity of glutamic 
acid was not materially affected.® 


TaBLeE I 


Utilization of C'4-Labeled t-Glutamine for Synthesis of Amino Acids by 
HeLa Cell in Tissue Culture 


Specific activity, referred to that of glutamine in medium as 1* 


Experiment 1 Experiment 2 Experiment 3 Experiment 4f 
ydrolysate 

Alanine........ 0.027 | 0.051; 0.035) 0.10 | 0.038) 0.082;<0.01 0.015 
Aspartic acid. .| 0.36 | 0.68 | 0.34 | 1.0 0.47 | 1.0 0.15 | 0.52 0.13 
Glutamic “ ..| 0.33 | 0.62 | 0.45 | 1.4 0.58 | 1.3 0.38 | 1.3 0.23 
Glycine........ 0.012 | 0.023} 0.017 0.050 <0.01 <0.01 <0.01 
ee 0.21 | 0.39 | 0.22 | 0.66; 0.32 | 0.69 | 0.060) 0.21 0.077 
0.017 | 0.032, 0.016 0.048 0.011 0.024'<0.01 <0.01 
12 nutrition- 

ally essential | 

amino acids. .|<0.01 <0.01 | <0.01 <0.01 | <0.01 


* In Experiment 1, glutamine-2-C™ was used, and the specific activities given 
referred to that of the glutamine in the medium on a molar basis. In all other ex- 
periments, uniformly labeled glutamine was used, and the specific activities are 
referred to that of glutamine per carbon atom. 

t In Experiment 4, the medium was supplemented by the addition of the six nu- 
tritionally non-essential amino acids, each at 0.2 mM. 

t The medium in Experiment 5 was deficient in isoleucine, leucine, phenylalanine, 
threonine, tyrosine, and valine. In distinction to all the other experiments, the 
duration of Experiment 5 was 24 hours. 

§ Corrected for the cells present at the start of the experiment, on the assumption 
that all of the observed incorporation was due to the synthesis of new protein. In 
calculating the corrective factor (total cells divided by new cells), the average of the 
increase in dry weight, total N, and protein N was taken as the measure of cell 
growth. So measured, the per cent increase in Experiments 1, 2, 3, and 4 was 114, 
50, 86, and 41, respectively. 


In a nutritionally deficient medium in which there was no net synthesis 
of protein (Experiment 5, Table I), the biosynthesis of alanine, aspartic 
acid, glutamic acid, proline, and serine from the carbon chain of glutamine 


5 In part, the last observation reflects the fact that the glutamic acid of the acid 
hydrolysate includes protein glutamine, which had the same specific activity as 
that of the medium (see Table III); in part also it reflects the rapid conversion of 
the C'4-labeled glutamine on the medium to similarly labeled glutamic acid (Fig. 1). 
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continued, as did the incorporation of the labeled amino acids so formed 
into cell protein. The possible mechanisms of this phenomenon are 
discussed elsewhere.! 

Protein a-Amino N—Since the amide N!°-labeled glutamine in the growth 
medium was rapidly degraded by the cells to glutamic acid and ammonia, 
the free ammonia in the cellular pool was correspondingly heavily labeled. 
Despite this fact, N’® was not incorporated into the amino acids in the 
acid hydrolysate to any significant degree (Table II). This was true both 
for the nutritionally essential amino acids and for those which had been 


TAaBLeE II 


Incorporation of Glutamine Amide N** into Components of 
Acid Hydrolysate of HeLa Cell Protein 


Atoms per cent excess N!®f 
Cell protein component* 
Observed Corrected} 
Glutamine precursor in medium....... 16.1 16.1 


The following amino acids contained less than 0.1 atom per cent excess N?5: ar- 
ginine, glutamic acid, glycine, histidine, isoleucine, leucine, lysine, methionine, 
phenylalanine, proline, threonine, tyrosine, and valine. 

* Kjeldahl digests (13 to 89 y of N) of the isolated components were diluted with 
ammonium sulfate (740 y of N) for N!> determination. 

+ After correction for dilution with N™. 

t Corrected for the inoculum as indicated in Table I, on the assumption that N? 
incorporation was associated with the synthesis of new protein. 

§ Largely derived from glutamine and asparagine amide N. 


actively synthesized by the cell during the 48 hour period of growth. 
This observation appears to rule out both glutamine amide N and ammonia 
as precursors of the a-amino groups of the amino acid residues of the 
HeLa cell protein under the conditions of these experiments. 

Direct Incorporation of Glutamine in Protein—The experiments sum- 
marized in Table III offer strong evidence that the glutamine in the medium 
is incorporated as such into the protein of HeLa cells in tissue culture. 
The C4: N" ratio of the glutamine isolated from the protein was the same, 
within experimental error, as the corresponding ratio for the glutamine in 
the medium. Indeed, it appears that virtually all of the glutamine in 
the newly synthesized protein arose directly from the glutamine of the 
medium. Thus, the addition of unlabeled glutamic acid to the medium 


fa 
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(Experiment 8, Table III) did not lower the specific activity of the protein 
glutamine. Furthermore, as discussed in the following section, when 
cells were grown in a medium containing unlabeled glutamine and C'!- 
labeled glutamic acid, the glutamine residues of the protein were essentially 
unlabeled. 


TABLE III 


Incorporation of Glutamine-C™ and -N'® into Glutamic Acid, Glutamine, Aspartic 
Acid, and Asparagine Residues of HeLa Cell Protein 


|Atoms per cent excess 
C4 ¢c.p.m. per umole 

Experi- Component isolated from N?* in amide group Rati cH 
ment No. protein 


Observed Corrected* | Observed | Corrected*} 


6t Glutamine in medium) 3,850 3,850 4.02 4.02 959 
Glutamic acid 1,710 4,790 
Glutamine 1,900 5,350 1.67 4.71 1130 
Asparagine 1.68 4.74 

7§ Glutamine in medium 3, 220 3,220 7.61 7.61 424 
Glutamie acid 1,370 3, 220 
Glutamine 1,300 3,060 3.14 7.40 414 
Aspartic acid] 974 2,290 
Asparagine] 625 1,470 2.61 6.14 239 
Total ammonia 2.79 6.57 

Glutamine in medium) 14,000 14,000 
Glutamic acid 2,810 9,500 
Glutamine 4,100 13,900 


* Corrected for the inoculum as described in Table I. 

+t An arbitrary ratio of (counts per minute per micromole)/(atoms per cent ex- 
cess). 

t The increase in cells was 55 per cent. 

§ The increase in cells was 74 per cent. 

| Corrected for the number of carbon atoms. 

“ The non-essential amino acids and ammonia were added to the basal medium 
in this experiment. The increase in cells was 42 per cent. 


In some experiments, somewhat more C'-glutamine was incorporated 
into protein than could be accounted for by the amount of new protein 
formed. This reflects the fact that, in analogy with other amino acids,! 
labeled glutamine in the medium replaces to some extent the unlabeled 
glutamine in the initial cell protein, altogether apart from its utilization 
in new protein synthesis. 

Origin of Protein Glutamic Acid Resitdues—In view of the rapid conversion 
of the glutamine of the medium to glutamic acid, it was not surprising 


| 
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that the glutamic acid residues of the protein of cells grown with C"- 
labeled glutamine were heavily labeled (Table III). These experiments, 
however, did not clearly distinguish whether the glutamic acid of the 
medium was incorporated as such or whether the glutamic acid of the 
protein was derived from glutamine. Evidence strongly supporting the 
former alternative was obtained in the experiment in Table IV. When 
the cells were grown in a medium containing unlabeled glutamine, L- 
glutamic acid labeled uniformly with C', and N'-labeled ammonia, 
there was negligible labeling of the glutamine residues of the cell protein 
with either C'‘ or N!®. Under these conditions, there was therefore minimal 


TaBLeE IV 


Incorporation of Glutamic Acid-C™ and N**H,Cl into Glutamic Acid and Glutamine 
Residues of HeLa Cell Protein* 


C4 c.p.m. per umole | Atoms per cent excess N'5 
Component | 
Observed | Correctedt Observed Correctedt 
Glutamic acid in medium...... 26, 400 26, 400 
NH,Cl in medium............. 65.6 65.6 
Protein glutamie acid.......... 2,570 5,950 
| 40 93 0.158 0.366 


* The experimental conditions were as described in the text except that the basal 
medium was supplemented by t-glutamic acid uniformly labeled with C™ and 
N?15H,Cl each at 0.2 mM. 

t Corrected for the inoculum as deseribed in Table I. The increase in cell mass 
was 76 per cent. 


synthesis of glutamine from glutamic acid and ammonia. The glutamic 
acid residues of the protein were, however, significantly labeled, despite 
the fact that the C'*-glutamic acid in the medium was being progressively 
diluted with unlabeled glutamic acid as the glutamine was broken down by 
the cells. These observations strongly suggest independent origins for 
the glutamic acid and glutamine of the protein. Each is derived in major 
part from the corresponding amino acid of the medium. 

Origin of Asparagine Amide N—The sole component of the HeLa cell 
protein other than glutamine itself, which incorporated appreciable N'® 
when the medium contained amide N"-labeled glutamine, was the amide N 
of the asparagine (Tables II and III). Moreover, the atoms per cent 
excess of the asparagine amide N closely paralleled the N'® content of the 
glutamine. This observation indicates that the asparagine amide N is 
derived either from ammonia or directly from glutamine. 
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DISCUSSION 


Several conclusions may be drawn from the results of the present experi- 
ments. First, glutamine appears to be an essential building block for the 
synthesis of protein by the HeLa cell under the conditions of these experi- 
ments. Glutamine is taken up from the medium and incorporated directly 
into the protein, as is any other amino acid which the cell is unable to 
synthesize. This conclusion rests on several findings. (a) The ratio of 
C“ to N! in the glutamine isolated from the protein was the same as that 
in the glutamine of the medium. (b) The isotope content of the isolated 
glutamine, when corrected for the cell inoculum, was close to that of the 
glutamine of the medium. (c) Although the cells possess a mechanism 
for the synthesis of glutamine, which can be called into play if the glutamic 
acid concentration is increased to 10 to 20 mM, there was negligible synthe- 
sis of glutamine from labeled glutamic acid and ammonia at physiological 
levels of glutamic acid. 

Glutamine is essential for the growth of other mammalian cell lines, 
whether derived from normal or malignant tissues (3), and its role as an 
essential building block for protein may reasonably be extended to them. 
The fact that glutamine is not nutritionally essential for either rat or man 
probably reflects the fact that several mammalian organs possess active 
enzymes that can effect the synthesis of glutamine from glutamic acid, 
adenosine triphosphate, and ammonia (13). It is of interest that the con- 
centration of glutamine in the blood of several animal species is very high, 
and that in human blood it constitutes one-quarter of the total circulating 
a-amino acids (13). The invariable requirement for a high concentration 
of glutamine by every cell which has been examined in tissue culture (3) 
suggests that glutamine may in fact be essential for the nutrition of most 
mammalian cells 7n vivo and that this requirement is met by the glutamine 
in the blood, which in turn originates in one or more organs capable of 
synthesizing it. 

The present findings confirm the conclusion of Barry (8) that glutamine 
and glutamic acid act independently in protein synthesis. Barry’s con- 
clusions were based on casein synthesis in the mammary gland of the lactat- 
ing goat, and the present conclusions extend this principle to the synthesis 
of cell protein. 

An interesting negative finding was the failure of the cells to utilize 
either the amide N of glutamine or ammonia for the biosynthesis of the 
a-amino N of any amino acid, including glutamie acid. This finding is 
somewhat surprising in view of the fact that glutamic dehydrogenase 
activity has been demonstrated in HeLa cell extracts. With ammonia 
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excluded as a source of the a-amino N of the nutritionally non-essential 
amino acids under the conditions of the present experiments, it is probable 
that these groups arise by transamination from one or more of the amino 
acids present in the medium. 

The carbon skeleton of glutamine was incorporated into the glutamic 
acid, aspartic acid, and proline residues of the protein. In the case of 
glutamic acid, it is clear that the glutamine was first degraded by the cells 
to ammonia and glutamic acid and that the latter was then incorporated into 
the protein. Since glutamic acid in turn has been shown to be used in 
the biosynthesis of proline and aspartic acid, it seems probable that gluta- 
mine carbon is incorporated into these two amino acids by way of glutamic 
acid. Further support for this view is given by the fact that the addition 
of unlabeled glutamic acid to a medium containing labeled glutamine 
materially reduced the specific activity of the aspartic acid and proline 
residues of the cell protein. 

The close parallel between the isotope content of the glutamine and 
asparagine amide N is of particular interest in view of the paucity of 
information regarding the pathways involved in the biosynthesis of aspara- 
gine. Further studies on this point are in progress and will be reported 
elsewhere. 


SUMMARY 


1. Glutamine in the medium of a human carcinoma cell (strain HeLa) 
was incorporated directly into the cell protein without preliminary deg- 
radation. Virtually all of the glutamine residues of newly synthesized 
protein arose from the glutamine of the medium. 

2. Glutamine and glutamic acid acted independently in protein synthesis, 
each serving as the direct precursor for its corresponding residue in the 
protein. 

3. Neither glutamine amide N nor ammonia was a precursor of a-amino 
N of the protein. 

4. The carbon chain of glutamine served as a precursor of aspartic acid 
and proline, probably via glutamic acid. 

5. The preparation of N!>- and C'*-labeled L-glutamine by means of 
enzymatic synthesis is described. 


The expert technical assistance of Mr. Ralph Fleischman and Mrs. 
Louise M. Morris is gratefully acknowledged. 
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THE METABOLISM OF THE ORGANIC ACIDS 
OF TOBACCO LEAVES 


XIV. ON THE UPTAKE OF (+)-TARTARIC ACID FROM SOLUTIONS IN 
THE RANGE pH 3 TO pH 6 | 


By HUBERT BRADFORD VICKERY 


(From the Biochemical Laboratory of The Connecticut Agricultural Experiment 
Station, New Haven, Connecticut) 


(Received for publication, March 14, 1957) 


In previous papers of this series, it has been assumed that tobacco leaves 
subjected to culture with their bases in dilute solutions of salts of organic 
acids take up the ions of the salt in the proportions in which they are pres- 
ent in the solution. If this assumption is valid, it is possible, with use 
of the dissociation constants, to calculate the uptake of the acid from the 
increase in the alkalinity of the ash of the leaves. Direct evidence in 
support of such a procedure is difficult to obtain since most of the organic 
acids that have been studied become involved to a greater or less extent 
in the metabolic processes of the cells. The amount found at the end of 
the culture period thus bears no predictable relationship to the amount 
acquired by the leaves. 

There are three notable exceptions to this rule. Oxalic acid, when made 
available from solutions at or near pH 6, is little if at all affected by the 
enzyme systems (1, 2). This is also true of (+)-tartaric acid (3), and p- 
malice acid likewise apparently accumulates unchanged in tobacco leaves 
cultured in pL-malate (4). In all of the experiments that have been carried 
out with these three acids, however, the culture solutions have been ad- 
justed to a pH at which the acid was nearly completely neutralized so 
that it was present almost exclusively as doubly charged ions. It has 
therefore seemed essential to examine the behavior of tobacco leaves 
cultured in (+)-tartaric acid solutions adjusted to reactions distributed 
over a broad range of pH to see whether the uptake can still be satisfac- 
torily calculated from the increase in the alkali content of the samples 
when the solution contains undissociated molecules as well as both singly 
and doubly charged ions. (+)-Tartaric acid is the most suitable choice 
for such an experiment since tobacco leaves take it up freely and without 
apparent harm from culture solutions in the neutral range. Alkali ox- 
alates under the same conditions cause serious wilting, and p-malic acid 
is not readily obtainable in the quantities and purity needed. 

The outcome has been that, when (+)-tartaric acid was made available 
to tobacco leaves from culture solutions adjusted to reactions close to 


943 


944 ORGANIC ACIDS OF TOBACCO LEAVES. XIV 


pH 3, 4, 5, and 6, the amount found in the tissues after 48 hours in dark- 
ness was identical, within reasonable limits of experimental error, with the 
uptake calculated from the increase in the alkalinity of the ash or from 
the increase in sodium content. No evidence was found for a selective 
action, with respect to the uncharged molecules or ionic species of the 
acid, on the part of the systems concerned with the accumulation process. 


EXPERIMENTAL 


Ten samples of twenty leaves each were collected from plants of Nico- 
tiana tabacum, variety Connecticut 49, by the statistical technique de- 
scribed in previous papers (e.g. Vickery and Hargreaves (5)). The co- 
efficient of variation of the fresh weight was 2.3 per cent and that of the 
total nitrogen content was 1.3 per cent; the sampling error was thus satis- 
factorily small. One sample was at once dried to provide a zero time 
control, single samples were cultured for 48 hours in water and in 0.2 m 
sodium sulfate in a dark room at 24° and 50 per cent relative humidity, 
and four samples were cultured under the same conditions in 0.2 M solu- 
tions of sodium tartrate. The pH of these solutions changed slightly 
(about 0.1 pH unit) during the 48 hours. The means of the initial and 
final values were, respectively, close to 2.8, 3.9, 4.9, and 6.2. The other 
three samples were cultured in 0.2 M solutions of sodium succinate respec- 
tively, at pH 3.9, 4.9, and 5.9, to provide positive controls with an acid 
known to be extensively metabolized. 

During the culture period, many of the leaves in the two most acid 
solutions of tartrate wilted moderately and showed some evidence of 
damage along the main veins. This was also true of the leaves cultured 
in succinate at pH 3.9. All of the other samples retained their turgidity 
and were apparently unharmed (Table I, Line I). 

The preparation of the samples for analysis and the analytical methods 
employed have been described in previous papers (6, 7). The determina- 
tion of tartaric acid rests upon the fact that it is eluted by formic acid 
from the Dowex 1 column employed for the separation of the organic 
acids immediately in advance of citric acid. However, it was found 
necessary to conduct the analysis of the samples cultured in tartaric acid 
on ether extracts of the acidified dried tissue since sufficient potassium 
was present in water extracts to give slow rly forming crystalline precipitates 
of potassium hydrogen tartrate. 

The more important analytical data which bear upon the present prob- 
lem are collected in Table I. The increases in ash (Line 2) and of corrected 
organic solids (Line 3) illustrate the uptake of the organic acid salts. 

The increases in the alkalinity of the ash and of the sodium content 
(Lines 4 and 5) furnish the information from which the uptake of the 
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acids can be computed. The potassium content of the ten samples re- 
mained constant at 166 + 5 m.eq. per kilo.! 

The data in Line 6 for the percentage of the acidity of tartaric acid 
which is neutralized at the designated pH reactions were calculated from 
the dissociation constants py = 2.93 (8) and pk, = 4.23 (9). The pre- 
cise magnitudes of these constants, in particular that of the second dis- 
sociation constant, are, however, in some doubt (for the literature, see 


TABLE I 
Recovery of Tartaric Acid from Tobacco Leaves Cultured in 0.2 mu 
Solutions of Sodium Tartrate 
The data are expressed in gm. or milliequivalents per kilo of initial fresh weight 
of tissue. 


Changes during culture for 48 hrs. 
— Sodium tartrate 
culture NasSO« 
pH 2.8| pH 3.9 | pH 4.9 | pH 6.2 
1 | Change in fresh weight, % 0 —0.4 |—-18.9, —13.5) +4.4, 43.9 
2 | Ash, gm. 18.2 | +5.2 +1.8| +6.1| +5.8) +6.2 
3 | Organic solids corrected for CO, 
of ash, gm. 80.6 | —4.0 | +6.0 +5.5 +4.2) 43.9 
4 | Alkalinity of ash, m.eq. 292 +1.7 |+46.64+110 +104 |+112 
5 | Sodium, m.eq. 3.6 +78 |+50 |+111 (+114 |4121 
6 | Acid neutralized, calculated, % 23.2, 61.1 90.7; 99.4 
7 | Uptake, from A alkalinity of 
ash, m.eq. 201 180 115 113 
8 | Uptake, from A sodium, 7.eq. 216 182 126 122 
9 | Tartaric acid found, m.eq. | 199 167 128 127 
10 “recovered (from 
data of Line 7), % 99 93 111 112 
11 | Tartarie acid recovered (from 
data of Line 8), % 92 92 102 104 


Kolthoff and Bosch (10)), and the figures for the percentage neutralized 
are rather strongly influenced by small variations not only in these con- 
stants but also in the pH of the solutions under study. Accordingly, the 
possibility of an appreciable uncertainty in the data of Line 6 must be 
accepted. 

Lines 7 and 8 show the uptakes of tartaric acid as calculated from the 


data for the increases in alkalinity of the ash and of sodium. Line 9 
gives the quantities of tartaric acid found in the four samples. Lines 10 


1 The determinations of sodium and potassium were made by flame photometric 
methods by the Department of Analytical Chemistry at this Station. 
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and 11 show the recoveries as percentages of the calculated uptakes. The 
mean recovery derived from the data for alkalinity of ash was 103.8 per 
cent, that from the data for sodium was 97.4 per cent. The mean recovery 
from the pooled data was 100.6 + 8.3 per cent. Accordingly, it seems 
permissible to conclude, at least as a first approximation, that reasonably 
valid information on the uptake of organic acids by tobacco leaves from 
culture solutions, adjusted to a fairly broad range of pH, can be obtained 
from the uptakes of alkali. 

Effects on Organic Acid Composition—The data which show the changes 


TABLE II 


Effects on Organic Acid Composition of Culture of Tobacco Leaves for 48 Hours in 
0.2 uw Sodium Tartrate and 0.2 m Sodium Succinate 


The data are expressed i in cas aan per kilo of initial fresh weight of tissue. 


pH cul- , | A titrat- | | | | Respi- 

| m.eq. | m.eq. | m.eq. | | gm, 

Water | | -9 416.4 2.6 

Sodium sulfate, 0.2 | | | —6  —20 +8.5 | 4.1 

tartrate | 2.8 | 208 | +113 | —74 +0.1 | 9.1 

+s < 4.9 | 121 | +112 | —17 | +10.8 | 4.3 

6.2 118 | +111 —22 | +10.2 4.5 

succinate 3.9 231 +112 +4 +29.2 +78 11.3 

4.9 211 +117 +67 +4+26.3 +19 9.3 

| 5.9 165 +141 +67 +48.8 +421 5.5 
Composition of leaves be- | 

fore culture | 187 139 21.2 | Trace 


in the composition of the leaves with respect to organic acids are collected 
in Table II. The column headed “Uptake of acid” gives the means of 
the data in Lines 7 and 8 of Table I for the uptakes of tartaric acid. The 
data for the uptake of succinic acid are the means calculated in the same 
way with use of the fractions 0.20, 0.53, and 0.85 to represent the part of 
the succinic acid which is neutralized,? respectively, at pH 3.9, 4.9, and 
5.9. The observed increases in titratable organic acid acidity are given 
in the third column, and comparison with the amounts of acid taken up 
shows that considerable losses of acidity, presumably from decarboxyla- 
tion reactions, took place in the leaves cultured in the more acid solutions. 
This result is in line with previous experiments on the effect of culturing 


2 The constants pK; = 4.18 and pK, = 5.57 were used (10). 
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tobacco leaves in L-malic acid at pH 4 and 5 (11) in which analogous 
marked losses of titratable acidity also occurred. 

In the sample cultured in tartrate at pH 2.8, the loss amounted to 95 
m.eq. and it seems clear from the data for malic acid in the fourth column 
that the greater part of this loss represents the decomposition of malic 
acid, for this component diminished by 74 m.eq. and there was no change 
in citric acid. At pH 3.9, the loss of titratable acidity was 53 m.eq. and 
that of malic acid 40 m.eq. At this reaction, however, there was a small 
increase of citric acid derived presumably from the metabolism of malic 
acid. 

Comparison of the data for the decrease of malic acid and the increase 
of citric acid in the samples cultured at pH 4.9 and 6.2 with the control 
sample cultured in sodium sulfate shows that the presence of a substantial 
amount of (+)-tartaric acid had little effect upon the metabolism of these 
two acids, a result in conformity with previous observations (3). 

The behavior of the organic acids of the leaves cultured in succinate at 
pH 3.9 differed markedly from that observed in the leaves cultured in 
tartrate at the same acidity. The decarboxylation reactions were even 
more extensive than in the leaves cultured in tartrate at pH 2.8 and, since 
malice acid increased by only 4 m.eq., it is clear that the loss fell largely 
upon the acquired acid. About one-third of the succinic acid taken up 
accumulated as such and there was a considerable stimulation of the forma- 
tion of citric acid. At pH 4.9, however, only 9 per cent of the succinic 
acid acquired accumulated unchanged, and there was a notable increase 
of malic acid as well as of citric acid, as would be expected from previous 
observations (e.g. Vickery and Palmer (12)). The decarboxylation reac- 
tions were, however, less extensive. At pH 5.9, an even greater stimula- 
tion of the formation of citric acid occurred and decarboxylation reactions 
played only a small role. 

DISCUSSION 


Culture of tobacco leaves in solutions adjusted to reactions appreciably 
more acid than the pH of extracts of the control leaves, which is usually 
close to 5.2, manifestly places the organism under severe metabolic stress. 
The response of the enzyme systems to such extreme conditions is thus 
well calculated to shed light upon the nature of at least some of the chemical 
transformations catalyzed by these systems. Unfortunately, however, it 
is precisely in this region of pH that the greatest difficulties arise in ob- 
taining reliable information on the uptake of the acid under investiga- 
tion from the uptake of cation, since errors in the measurements of pH 
and uncertainties regarding the magnitude of the dissociation constants 
of the acids have their largest potential effects. Accordingly, it is gratify- 
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ing to find that useful estimates of the uptake can indeed be obtained even 
when, as in the present sample cultured at pH 2.8, less than one-quarter 
of the acidity of the tartaric acid was neutralized and the analytical value 
for the increase of alkali together with its error was, in effect, multiplied by 
a factor of between 4 and 5. 

As an illustration of one of the effects of culture of tobacco leaves in 
solutions at low pH, the data in the last column of Table II may be con- 
sidered. The figures are the respective differences between the changes 
in corrected organic solids and the uptakes of acid expressed in gm. For 
example, the sample cultured at pH 2.8 took up 15.0 gm. of tartaric acid 
per kilo, but the corrected organic solids increased by only 5.9 gm. It 
is assumed that the difference of 9.1 gm. furnishes a measure of the loss 
of organic solids by respiration. The respiration loss of 2.6 gm. from the 
control sample cultured in water is somewhat low in comparison with other 
sets of samples that have been studied, and suggests that this lot of leaves 
did not have an especially vigorous respiratory rate; figures of twice this 
magnitude or more are frequently seen. Nevertheless, under the in- 
fluence of the demand for expenditure of energy to acquire salts from the 
culture solutions, the loss of organic solids from the system was greatly 
promoted. It increased by a factor of 3.5 in the sample cultured in tartrate 
at pH 2.8 and by a factor of 4.4 in the sample cultured in succinate at pH 
3.9. However, in the samples cultured at pH reactions close to that of 
the untreated leaves, the loss of solids was of the same order as that from 
the control sample cultured in sodium sulfate. 

No attempt will be made to present a detailed analysis of the data for 
the effect of the more strongly acid culture solutions upon the organic 
acids of these samples since the behavior of the control sample cultured 
in water was somewhat unusual. However, attention may be directed to 
a few points. The marked influence of low pH on the over-all loss of 
titratable acidity, which has been interpreted as a stimulation of decar- 
boxylation reactions, is obvious. Whether or not the end products of 
these reactions were completely oxidized does not appear from the data 
available, although the promoted losses of organic solids from these samples 
lend color to this view. Perhaps the most striking result is the evidence 
for the complete inhibition of the formation of citric acid in the leaves 
cultured in tartrate at pH 2.8. That this is not a chance observation is 
indicated by the greatly diminished formation of citric acid in the leaves 
cultured at pH 3.9 as compared with the leaves cultured in less acid solu- 
tions. That the inhibiton is not attributable merely to the low pH of the 
culture solution is clear since citric acid formation was stimulated in the 
leaves cultured in succinate at pH 3.9. Further experimentation will be 
required to elucidate these unexpected observations. 
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SUMMARY 


When excised leaves of the tobacco plant (Nicotiana tabacum, variety 
Connecticut 49) are cultured in darkness in solutions of sodium (+)- 
tartrate adjusted to reactions in the range pH 3 to pH 6, the quantities of 
(+)-tartaric acid found in the tissues corresponded closely with the 
quantities taken up as calculated from the increases in the alkalinity of 
the ash and the increases in sodium content. The mean recovery based 
upon eight observations was 100.6 + 8.3 per cent. It is concluded that 
useful information on the uptake of organic acids from culture solutions 
can be obtained by such calculations even when as little as one-quarter 
of the acidity of the organic acid is neutralized by alkali provided that 
reasonably accurate data for the pH of the solutions and for the dissocia- 
tion constants of the acid are available. 

An earlier observation (3) that (+)-tartaric acid is not metabolized by 
the enzyme systems of the tobacco leaf has been confirmed, as well as 
the fact that this acid has little if any effect upon the normal course of the 
metabolism of malic and citric acids when made available from culture 
solutions near pH 5 and 6. At lower pH, however, there is evidence that 
it interferes with the metabolism of citric acid. 
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THE ENZYMATIC SYNTHESIS OF CYTIDINE 
DIPHOSPHATE CHOLINE* 


By LOUISE FENCIL BORKENHAGEN anp EUGENE P. KENNEDY 
(From the Department of Biochemistry, University of Chicago, Chicago, Illinois) 


(Received for publication, February 25, 1957) 


The function of cytidine coenzymes in the enzymatic synthesis of 
lecithin and of phosphatidylethanolamine has been described in previous 
papers (1-3). The synthesis of lecithin has been shown to take place 
according to the following equations 


(1) CTP! + P-choline — CDP-choline + pyrophosphate 
(2) CDP-choline + p-a,8-diglyceride — lecithin + CMP 


In similar reactions, phosphatidylethanolamine is synthesized from 
P-ethanolamine via cytidine diphosphate ethanolamine. Since the reaction 
shown in Reaction 1 is essentially a transfer of P-choline to the cytidyl 
portion of CTP, the enzyme catalyzing the reaction has been named PC- 
cytidyl transferase (1). The enzyme catalyzing Reaction 2 has been 
called the PC-glyceride transferase. The analogous enzymes involved in 
the synthesis of phosphatidylethanolamine are termed PE-cytidyl trans- 
ferase and PE-glyceride transferase, respectively. 

The present report describes the preparation and some properties of 
the PC-cytidyl transferase of guinea pig liver. 


Materials and Methods 


The synthesis of CDP-choline and CDP-ethanolamine has been pre- 
viously described (4). Other nucleotides were products of the Pabst 
Laboratories. P-choline and P-ethanolamine were synthesized by a 
modification of the method of Plimmer and Burch (5) and were purified 
and isolated by chromatography on Dowex 1 formate ion exchange resin. 

The development of assay procedures based on the use of Norit for the 
quantitative adsorption of nucleotides was suggested by the previous work 
of Crane and Lipmann (6). 


* Aided by grants from the Nutrition Foundation, Inc., and from the Life Insur- 
ance Medical Research Fund. 

! The following abbreviations are used in this paper: ATP = adenosine 5’-triphos- 
phate; UTP = uridine 5’-triphosphate; GTP = guanosine 5’-triphosphate; ITP = 
inosine 5’-triphosphate; CTP = cytidine 5’-triphosphate; CDP = cytidine 5’-diphos- 
phate; CMP = cytidine 5’-monophosphate; CDP-choline = cytidine diphosphate 
choline; P-choline = phosphorylcholine; Tris = tris(hydroxymethyl)aminomethane; 
P-ethanolamine = phosphorylethanolamine. 
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EXPERIMENTAL 


Preparation of Enzyme—Liver from normal adult male guinea pigs, 
stored at —15° for several weeks, was thawed at 5° and homogenized in 
10 volumes of ice-cold 0.25 M sucrose in a Waring blendor for 45 seconds, 
All subsequent operations were carried out at 0-5°. The homogenate 
was centrifuged for 5 minutes at 500 X g in an International refrigerated 
centrifuge and the precipitate was discarded. The pH of the supernatant 
fluid was adjusted to 5.2 by the dropwise addition of 2 N acetic acid, 
and the suspension was stirred for 30 minutes. The precipitate was re- 
moved by centrifugation and the supernatant solution discarded. The 
precipitate was taken up in 0.02 m Tris buffer, pH 8.0, containing 0.001 m 
Versene, the volume of buffer being equal to that of the original volume 
of the whole homogenate. The suspension was then dialyzed thoroughly 
against several changes of buffer of the same composition. 

The dialyzed enzyme preparation was rapidly warmed to 55° by stir- 
ring it in a large bath maintained at that temperature and held at 55° for 
20 minutes. The enzyme was cooled in an ice bath and centrifuged at 
about 18,000 X g in an angle head centrifuge at 0° for 20 minutes and 
the supernatant solution was discarded. The residue was again suspended 
in the Tris-Versene dialysis medium, and at this point could be frozen and 
stored for several weeks. Just prior to use, a portion of the enzyme was 
thawed and dispersed by treatment in a Raytheon sonic disintegrator for 
10 minutes. Such preparations usually contained 5 to 10 mg. of protein 
per ml. 

Attempts to prepare the enzyme in soluble form, suitable for fractiona- 
tion by conventional methods, have thus far proved unsuccessful. 

Measurement of Enzymatic Synthesis of CDP-choline—Since Reaction 1, 
catalyzed by PC-cytidyl transferase, is readily reversible, the activity of 
the enzyme can be studied either by measuring the amount of CDP-choline 
synthesized from CTP + P-choline or by following the pyrophosphoro- 
lytic cleavage of synthetic CDP-choline to CTP + P-choline. Experiments 
in which the synthesis of CDP-choline was measured will be described 
first. In such experiments, P-choline-P® was used as isotopic tracer. At 
the end of the enzymatic incubation, usually carried out in a final volume 
of 1.0 ml., the reaction was stopped by the addition of 5 ml. of 5 per cent 
trichloroacetic acid and the precipitate removed by centrifugation. <A 5 
ml. aliquot of the supernatant solution was treated with 2.0 ml. of an 
aqueous suspension of Norit A charcoal (10 mg. per ml.). After 10 
minutes, during which the tubes were occasionally stirred, the charcoal 
was removed by centrifugation. CDP-choline is quantitatively adsorbed 
on the charcoal under these conditions (4), but P-choline is not adsorbed 
to any measurable extent. The charcoal precipitate was washed four 
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times with 5 ml. portions of water and finally suspended in 3 ml. of a 1 
per cent solution of casein. 2 ml. aliquots of the charcoal suspension 
were then dried and counted in a gas flow counter of conventional design. 
The casein is included in the suspension medium simply as a binder to 
improve the plating and counting characteristics of the charcoal. 

Zero time controls were included in each run to check the effectiveness 
of this procedure in removing the original labeled P-choline. Experiments 
in which varying amounts of synthetic CDP-choline-P® were added to 
the enzyme incubation mixture after the addition of trichloroacetic acid 
indicated that the recovery of CDP-choline-P32 was quantitative. 


TABLE I 
Stability of PC- cytidyl Transferase toward Heating 


Tube No. | Conditions of heat treatment CDP-choline synthesized 
| min. mpmoles 
1  Unheated control 17.7 
2 55 10 31.6 
3 | do 20 28.2 
4 | 55 40 15.7 
5 | 55 80 10.3 
6 | 60 | 10 5.5 
7 70 | 10 0.5 
8 | 80 | 10 0.9 


‘Busine the hens the eunditions of which were varied as shown, each 
tube contained 10 umoles of MgCl., 50 umoles of Tris buffer of pH 7.5, 10 uwmoles of 
cysteine, 5 umoles of P-choline-P*, and 0.10 ml. of guinea pig enzyme, which had not 
previously been heat-treated. The final volume was 1.0 ml. After heating, each 
tube was chilled in an ice bath, and 0.2 umole of CTP was added. The tubes were 
then incubated at 37° for 1 hour. 


The amount of CDP-choline synthesis was calculated by dividing the 
total number of counts recovered on the charcoal precipitate by the specific 
activity of the P-choline-P*”, which was usually about 50,000 counts per 
micromole. The results are expressed as millimicromoles of CDP-choline 
formed. 

Evidence as to the identity of enzymatically produced and synthetic 
cytidine diphosphate choline has been presented in a previous paper (1). 

Stability of Enzyme to Heat—The stability of the PC-cytidyl transferase 
toward heat was studied in the experiment shown in Table I. An enzyme 
preparation which had been carried through the precipitation at pH 5.2 
and subsequent dialysis, but which had not yet been heat-treated, was 
used for this work. It will be seen that the enzyme is quite resistant to 
heating at 55°; in fact, the activity is almost doubled by heating the en- 
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zyme at this temperature for 10 minutes. This effect was consistently 
observed, and is probably due to the preferential destruction of hydrolytic 
and other interfering enzymes. If the enzyme is heated even briefly at 
60° or higher, rapid inactivation takes place. Prolonged heating at 55° 
also leads to slow loss of activity. 

In preparing the enzyme for routine use, advantage was taken of its 


eMgClo 


(mum) 
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*MnCis 


BaCls 


CDP-CHOLINE SYNTHESIZED 


CaClo 
4 6 8 
METAL ION ADDED 
Fic. 1. Requirement of divalent cation for PC-cytidyl transferase activity. Each 
tube contained 10 wmoles of cysteine, 50 wmoles of Tris buffer of pH 7.5, 0.2 umole of 
CTP, 8 umoles of P-choline-P*, and 0.2 ml. of enzyme in a final volume of 1.0 ml. 


The added divalent cation was varied as indicated. The tubes were incubated at 
37° for 1 hour. 


i 


stability at 55°, since by this means the preparation can be completely 
freed from the PC-glyceride transferase which catalyzes Reaction 2 and 
from the PE-cytidyl transferase which catalyzes the synthesis of CDP- 
ethanolamine from CTP and P-ethanolamine by a reaction closely similar 
to Reaction 1. In addition, the enzyme which carries out the hydrolytic 
cleavage of CDP-choline to CMP and P-choline is destroyed, and other 
degradative enzymes are considerably diminished in activity. 

Requirement for Divalent Cations—The PC-cytidyl transferase is com- 
pletely dependent upon the addition of divalent cations for activity (ig. 
1). Either magnesium or manganese ions will activate the enzyme. 
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Since high concentrations of manganese are decidedly inhibitory, mag- 
nesium was routinely used in these experiments. Barium ions can activate 
the enzyme to a slight extent, but calcium ions have very little effect. 
The PC-cytidy] transferase reaction is not inhibited by calcium or barium 
ions When tested in the presence of magnesium ions, in contrast to the 
severe inhibition of the PC-glyceride reaction by calcium or barium (7, 1). 

Effects of Varying Concentrations of CTP and of P-choline—An experi- 
ment in which the concentration of CTP was varied over a considerable 
range is shown in Fig. 2. Half the maximal rate was observed at concen- 


) 


2 2 © 


CDP-CHOLINE FORMED 


T 


0.4 0.8 1.2 1.6 
CTP ADDED (uM/M1,) 

Fig. 2. Effect of adding varying amounts of CTP. The conditions of the experi- 
ment were identical with those of Fig. 1, except that 10 wmoles of MgCl. and 20 
umoles of KF were added to each tube, and the amounts of CTP added were varied 
as indicated. The time of incubation was 20 minutes at 37°. 


trations of CTP of about 3 X 10-4 m. The results of this experiment 
must be regarded as only approximate, since the CTP is attacked by hy- 
drolytic enzymes still present in the heated preparation. When the con- 
centration of P-choline was varied (Fig. 3), the concentration for half 
maximal rate was found to be about 0.5 X 107° mM. 

Specificity of Requirement for CT P—The PC-cytidyl transferase enzyme 
is completely specific for CTP. An experiment in which UTP, ATP, 
GTP, and ITP were tested under identical conditions with CTP is shown 
in Table II. No detectable activity was displayed by any nucleotide 
except CTP. Under the conditions of the experiment, activity of about 
2 per cent of that of CTP could have been detected. Further, of the 
cytidine nucleotides tested, only the triphosphate is active. The inac- 
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CDP-CHOLINE FORMED 


i 


P32-CHOLINE CONC. (uM/MI,) 


Fig. 3. Effect of varying P-choline concentration. The experimental conditions 
were identical with those shown in Fig. 1, except that 10 wmoles of MgCl. and 20 
umoles of KF were added to each tube and the P-choline concentration was varied 


as indicated. The time of incubation was 20 minutes at 37°. 


TABLE II 
Nucleotide Specificity of PC-cytidyl Transferase 


P-choline converted to 
Nucleotide added | nucleotide 


Experiment 1 


umole mypmoles 


Ixperiment 2 


Each tube contained 10 uwmoles of MgCly, 8 umoles of P-choline-P*?, 20 wmoles of 
KF, 50 umoles of Tris buffer of pH 7.5, 10 umoles of cysteine, and 0.20 ml. of enzyme. 
The final volume was 1.0ml. The added nucleotide was varied as shown. 
were incubated at 37° for 1 hour. 


The tubes 
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tivity of CDP may be regarded as evidence that there is no significant 
cytidylate kinase in the heated enzyme preparation. 

Measurement of Pyrophosphorolytic Cleavage of CDP-choline—The pyro- 
phosphorolytic cleavage of CDP-choline was studied in experiments in 
which synthetic CDP-choline labeled with choline-1, 2-C' was used as the 
tracer. At the end of the enzymatic incubation, the reaction was stopped 
by immersing the tubes in a boiling water bath for 5 minutes. 3 ml. of a 
suspension of Norit A (10 mg. per ml.) were then added to each tube, the 
contents of which were stirred for 10 minutes and then centrifuged. Ali- 
quots of the supernatant solution were plated and counted. In control 
tubes which were boiled before the addition of CDP-choline, no significant 
radioactivity could be detected in the supernatant solution. 

When known amounts of P-choline-1 ,2-C'™ were added to similar con- 
trols, the recovery of radioactivity in the supernatant solutions after 
charcoal treatment averaged 91 per cent. The values given in Figs. 4 
and 5 are corrected to account for this factor, which is due principally to 
self-absorption. 

Effect of Pyrophosphate Concentration—When CDP-choline labeled with 
choline-1 ,2-C'* was incubated with the heat-treated enzyme under the 
conditions described in Fig. 4, little cleavage was noted in the absence of 
inorganic pyrophosphate, in contrast to experiments with unheated en- 
zyme preparations, which catalyze a fairly rapid hydrolysis of the choline 
nucleotide (1). The effect of adding varying amounts of pyrophosphate 
is shown in Fig. 4. Half the maximal rate of pyrophosphorolysis takes 
place at concentrations of about 0.5 to 1.0 X 10-* M pyrophosphate. 

The addition of orthophosphate (0.01 to 0.05 M) in other experiments 
was found to be without effect. 

Incorporation of Pyrophosphate into CT P—To obtain further information 
about the function of pyrophosphate, P*-labeled pyrophosphate was pre- 
pared by the method of Kornberg and Pricer (8). The incorporation of 
labeled pyrophosphate into CTP was studied in the experiment described 
in Table III. The CTP was separated from the unchanged pyrophos- 
phate by adsorption on charcoal by the procedure described above for 
determining the synthesis of CDP-choline. The results indicate that there 
is a detectable incorporation of pyrophosphate into the nucleotide form in 
the absence of added unlabeled CDP-choline, but the incorporation is 
stimulated almost 10-fold by the addition of CDP-choline. 

The radioactive nucleotide formed from labeled pyrophosphate in this 
system was identified as CTP by paper chromatography. ‘The experiment 
shown in Table III was repeated with labeled pyrophosphate of high 
specific activity (10° counts per micromole) and with 1 umole of unlabeled 
CDP-choline and 2 umoles of carrier CTP. At the end of the incubation, 
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30 


CDP-CHOLINE SPLIT 


PYROPHOSPHATE CONC. (uM/M1.) 
Fig. 4. Effect of varying pyrophosphate concentration on the hydrolysis of CDP- 
choline. Each tube contained 20 umoles of KF, 10 wmoles of MgCle, 50 umoles of 
Tris buffer of pH 7.5, 0.2 umole of CDP-choline labeled with choline-1,2-C'™ (46,000 
counts per micromole), and 0.2 ml. of enzyme, in a final volume of 1.0 ml. The con- 


centration of pyrophosphate was varied as indicated. The tubes were incubated for 
20 minutes at 37°. 


TABLE III 
Conversion of P%*-Labeled Pyrophosphate to CTP 
Additions Counts incorporated into nucleotide 
0.20 m unlabeled CDP-choline..................... 1080 


Each tube contained 10 wmoles of MgCle, 50 wmoles of Tris buffer, pH 7.4, 20 
umoles of KF, 2 uwmoles of pyrophosphate labeled with P* (specific activity 46,000 
counts per micromole), 0.25 umole of unlabeled CTP as carrier, and 0.2 ml. of en- 
zyme in a final volume of 1.0 ml. Unlabeled CDP-choline was added as indicated. 
The tubes were incubated at 37° for 30 minutes. The reaction was stopped by the 
addition of 5 ml. of 5 per cent trichloroacetic acid and the precipitate removed by 
centrifugation. 4 ml. aliquots of the supernatant solution were then stirred with 
30 mg. of Norit A, which was then removed by centrifugation and washed four times 
with 5 per cent trichloroacetic acid and once with water. The charcoal was sus- 
pended in 3 ml. of a1 per cent solution of casein and 2 ml. aliquots of this suspension 
were counted. 


the nucleotides were adsorbed on charcoal, washed four times with 5 ml. 
of cold 5 per cent perchloric acid and twice with 5 ml. of water, and were 
then eluted by being washed four times with 2 ml. portions of 50 per cent 
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alcohol containing 1 per cent of concentrated ammonia. The complete 
system (containing CDP-choline) had 24,050 counts in the nucleotide 
fraction, whereas the control (CDP-choline omitted) had only 3811 counts. 
The ammoniacal ethanol extracts were then concentrated to a small vol- 
ume and an aliquot was chromatographed on Whatman No. 43 paper 
with 60 per cent ethanol containing 0.1 M acetate buffer, pH 4.8, as devel- 
oping solvent. In this system, CTP has an Ry of 0.14, CDP of 0.19, 
CMP of 0.36, and pyrophosphate of 0.30. 

After the chromatograms were developed, the spots corresponding to 
the cytidine nucleotides were located by viewing with an ultraviolet lamp 
and were cut out, and the radioactivity was determined. The paper 
spots were then eluted with dilute hydrochloric acid and the concentration 
of cytidine nucleotide was determined spectrophotometrically. The CTP 
recovered from the complete system had a total radioactivity of 1657 
counts and a specific activity of 27,600 counts per micromole, and the 
CTP recovered from the control (no CDP-choline added) had a total of 
142 counts and a specific activity of 5070 counts. The CDP recovered 
IP- from the extract of the complete system contained 897 counts with a 
: of specific activity of 10,080 counts per micromole. No radioactivity could 
sg be detected in the CDP spot from the control or in any other area of either 
for strip. 

These results make it clear that the radioactive pyrophosphate reacts 
with CDP-choline to yield CTP, which then may be hydrolyzed in part to 
CDP with a specific activity about half of the CTP, since one of the radio- 
active terminal phosphates has been removed. In addition, some uniden- 
: tified side reaction not involving CDP-choline leads to the labeling of CTP 
oe at a rate about one-tenth of that of the PC-cytidyl transferase reaction. 

Effect of CDP-choline Concentration—The rate of pyrophosphorolysis 
as a function of CDP-choline concentration is shown in Fig. 5. Half the 
maximal rate is observed at about 0.2 & 107? Mm CDP-choline. 

Other Properties of Enzyme—The enzyme is active over a pH range of 
6.4 to 8.0, as measured by the pyrophosphorolytic cleavage of CDP-cho- 
line. The pH optimum is about 7.2. 

The omission of cysteine from the incubation mixture had little or no 
effect on activity; it was nevertheless included in most experiments. The 
activity is unaffected by the addition of 0.02 m fluoride. Treatment of the 
enzyme preparation in a Raytheon sonic disintegrator for periods up to 40 
minutes at about 5° diminished the activity only slightly. The enzyme 
can be stored for several weeks at — 15° with no loss of activity. 

l. Distribution of Enzyme—PC-cytidyl transferase is widely distributed 
e throughout nature. It has been found in the kidney, liver, heart, and 
t brain of the rat, in the liver of the hog and guinea pig, in the brain of the 
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calf, and in other mammalian tissues. It is found in liver of avian species, 
as shown by the high activity of the enzyme in chicken liver, and also in 
several strains of yeast and in carrot root, but has not yet been detected 
in microorganisms other than yeast. It is of interest that the enzyme 
from yeast has the same narrow specificity for cytidine nucleotides as does 
the enzyme from guinea pig liver. 


CDP-CHOLINE SPLIT (muM) 


CDP-CHOLINE CONC. (uM/MI 

Fic. 5. effect of varying CDP-choline concentration on pyrophosphorolysis. 
The experimental conditions were the same as for Fig. 4, except that each tube con- 
tained 2 wmoles of inorganic pyrophosphate, and the concentration of CDP-choline- 
1,2-C'™ was varied as shown. 


This wide distribution of the enzyme leads to the conclusion that the 
same general mechanism of formation of lecithin prevails throughout this 
range of organisms. 


DISCUSSION 


The enzymatic synthesis of CDP-choline is another example of the 
basic pattern for the biosynthesis of substituted nucleotide pyrophosphates 
discovered by Kornberg (9) 


Nucleoside—P—P—P + R—P => nucleoside—P—P—R + P—P 
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The synthesis of uridine diphosphate glucose (10) and guanosine diphos- 
phate mannose (11) also follows the same general scheme. 

The discovery of CDP-choline and CDP-ethanolamine leads to the 
suggestion that cytidine diphosphate serine and cytidine diphosphate 
inositol may also be formed in analogous reactions and play similar roles 
in the biosynthesis of phosphatidylserine and monophosphoinositide, re- 
spectively, but no evidence in support of this hypothesis has as yet been 
presented. Two nucleotides from Lactobacillus arabinosus have been iden- 
tified by Baddiley and his coworkers as cytidine diphosphate glycerol 
(12) and cytidine diphosphate ribitol (13). The finding of the glycerol 
compound in particular suggests a function in the realm of lipide metabo- 
lism. 

The function of cytidine coenzymes in the biosynthesis of phospholipides 
has been recently confirmed in independent studies by McMurray et al. 
(14) with use of cell-free preparations of brain, and by Williams-Ashman 
and Banks (15) with enzymes derived from the seminal vesicle. 


SUMMARY 


The enzymatic synthesis of cytidine diphosphate choline takes place 
according to the following equations 


Cytidine triphosphate + phosphorylcholine == 
cytidine diphosphate choline + pyrophosphate 


The name PC-cytidyl transferase is suggested for the enzyme catalyzing 
this reaction. The reaction is readily reversible and methods are described 
for measurement of either the synthesis or pyrophosphorolysis of cytidine 
diphosphate choline. The PC-cytidyl transferase of guinea pig liver is 
stable to heat at 55°, requires magnesium or manganese ions for activity, 
and is completely specific for cytidine triphosphate. A separate enzyme, 
the PE-cytidyl transferase, catalyzes the synthesis of cytidine diphosphate 
ethanolamine from CTP and phosphorylethanolamine by an analogous 
reaction. 
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CAROTENOIDS IN MAN* 


Il. FRACTIONS OBTAINED FROM ATHEROSCLEROTIC AND NORMAL 
AORTAS, SERUM, AND DEPOT FAT BY SEPARATION ON ALUMINA 


By DAVID H. BLANKENHORN 


(From the Metabolism Laboratory, Department of Internal Medicine, 
College of Medicine, University of Cincinnati, Cincinnati, Ohio) 


(Received for publication, March 4, 1957) 


The carotenoid pigments found in the lesions of human atherosclerosis 
are lipides known to have accumulated from exogenous sources, and 
therefore are of interest in relation to the manner in which atherosclerotic 
plaques are formed. ‘To extend the scope of previous observations on the 
carotenoid content of human atherosclerosis (1), a microchromatographic 
separation of these pigments has been developed which is applicable to 
such diverse tissues as arterial wall and depot fat, without saponification 
and with minimal manipulation of extracts. Fractionation can be com- 
pleted in 1 working day, and the risk of oxidative degradation and isomeriza- 
tion of pigments is minimized. In addition, the lack of a prerequisite 
saponification before chromatography makes the method capable of a 
study of the state of esterification of carotenols. 

The procedure entails separation of carotenoids from other pigments 
found in man and their estimation as a group comprising three major 
pigment classes. 6-Carotene (Fraction 1), lycopene, esterified lutein, and 
an “unknown carotenoid”’ (Fraction 2) and lutein (I’raction 3) are the 
predominant pigments usually encountered. Fractions can be separated, 
quantitatively determined, and identified in a routine and reproducible 
manner with 3 y of pigment. 3 ml. of serum, 0.5 gm. of depot fat, or one 
average-sized atherosclerotic plaque provides sufficient material for assay. 
The method is adaptable to larger scale separations and isolation of in- 
dividual carotenoids when sufficient material is available. Other lipides 
found in human tissue do not interfere with the analysis when the carot- 
enoid concentration in them is greater than 6 parts per million. 


Preparations of Materials 


Specimens are stored at deep freeze temperatures until analyzed either 
fresh or dissected and ground with sodium sulfate. All extracts are proc- 
essed the day of extraction or stored for only short periods under nitrogen 


* Supported by grants-in-aid from the American Heart Association and the 
Youngstown Area Heart Association, Youngstown, Ohio. 
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in the dark at 4°. During manipulation carotenoid solutions are protected 
from light as much as possible and between handling stored in lighttight 
boxes. 

All solvents are redistilled in glass and dried over sodium sulfate. Per- 
oxide-free diethyl ether is used. Carotenoid solutions are dried in a 
vacuum at 25-30° by using a Rinco rotary evaporator and either round 
bottomed glass flasks or 16 &K 100 mm. test tubes connected with a 1 
inch segment of thick walled rubber tubing. Pasteur capillary pipettes 
are used to transfer and manipulate solutions. 

Reference compounds used to investigate the method were obtained 
from the following sources. a- and 6-carotene were purchased.! Lycopene 
was isolated from tomato paste (2), capsanthin from paprika? (3), and 
lutein from corn glutein® by repeated chromatography on alumina. 

Extraction 

3 ml. of serum are pipetted into a red, glass-stoppered cylinder. After 
addition of 3.0 ml. of freshly made 1.0 Nn KOH in 90 per cent ethanol, 
the cylinder is loosely stoppered, heated to its neck in a water bath at 
55° for 30 minutes, and shaken vigorously at 10 minute intervals. The 
cylinder is then allowed to cool to room temperature, and 6.0 ml. of hexane 
(Skellysolve B) are added and the stopper is tightly sealed with a small 
drop of mineral oil. The cylinder is then rotated, end over end, mechani- 
cally for 10 minutes, and allowed to stand until the two phases have 
separated, after which the lower phase is drawn off and the neck of the 
cylinder wiped free from mineral oil. The upper phase is then poured 
into a test tube, tightly stoppered, and allowed to stand for 10 minutes 
before a sample is withdrawn for determination of optical density against a 
blank upper phase. A 5 ml. sample of upper phase is next transferred to a 
second tube, where it is washed two times with | ml. of water, dried, and 
redried from 1 ml. of 30—60° petroleum ether. When taken up in hexane, 
it is ready to be chromatographed. Turbid solutions will interfere with 
the determination of total carotenoids unless this procedure is carried out 
in the order given. 

A simpler extraction, which avoids saponification and is of particular 
value when large volumes of serum are to be extracted, is that of Kimble 
(4). Serum is added dropwise, with shaking, to an equal volume of ab- 
solute ethanol; 2 volumes of 30-60° petroleum ether are added, and the 
whole is shaken for 10 minutes. Upon being dried the petroleum ether 
extract can be chromatographed directly if care is taken to assure that 

1 Nutritional Biochemicals Corporation, Cleveland, Ohio. 

* Generously supplied by the Frank Tea and Spice Company, Cincinnati, Ohio. 

’ Generously supplied by the Corn Products Refining Company, Argo, Illinois. 
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all traces of ethanol have been evaporated. ‘Total carotenoids determined 
by this method are in the range of those resulting from the procedure 
entailing saponification, but error in replication is greater. 

Tissues are ground in a mortar with an excess of sodium sulfate. Blood 
vessels must be prepared by stripping the adventitia and grinding with 
sodium sulfate. Extraction is performed by grinding mixtures of aorta 
and sodium sulfate with ethanol 30—60° petroleum ether (1:10). Depot 
fat is ground with 30—60° petroleum ether. Extracts are filtered once 
through Schleicher and Schuell ‘‘shark skin” filter paper and dried. Ar- 
terial extracts are dried once again from a small amount of 30-—60° 
petroleum ether. Extracts are transferred in hexane with suction through a 
fine fritted glass funnel, after which they are perfectly clear and ready for 
chromatography and measurement of total carotenoids. An aliquot of 
depot fat extracts is then taken to dryness and brought to constant weight 
for estimation of total carotenoids per gm. of total lipide. Quantitative 
measurement of total carotenoids on large arterial specimens requires a 
dried powder produced as previously described (1). 

Small arterial specimens or individual atherosclerotic plaques can be 
extracted quantitatively by prolonged saponification with 1.0 N KOH at 
room temperature, in the dark, under nitrogen. If stirred vigorously once 
a day, even advanced, calcific, atherosclerotic plaques will dissolve in 
72 hours. After liquefaction is complete, the specimen is equilibrated 
with hexane and treated as an extract of saponified serum. 


Chromatography 


Aluminum oxide, ‘‘Merck reagent chromatographic,” is used without 
alteration. Variation from lot to lot of sufficient degree to affect separa- 
tion has not been encountered, and lots have been stable for periods up to 
3 months. Microchromatographic columns (4 XK 30 mm.), each contain- 
ing approximately 400 mg. of alumina, are prepared in 300 mm. funnel 
tubes. Each is plugged with cotton, a small beaker of alumina is tipped 
against the funnel mouth, and the stem is tapped to produce a fine stream 
falling on to the cotton. No other packing is necessary, and, when mois- 
tened with hexane, the column is ready for charging. Microcolumns are 
charged with not more than 5 y of carotenoids in 4 ml. or less of hexane 
and then washed successively with 3 ml. volumes of acetone-hexane (2: 100) 
(Fraction 1), acetone-hexane (20:100) (Fraction 2), and ethanol-hexane 
(8:100) (Fraction 3). Extracts containing 5 to 50 y of total carotenoids 
are separated on 10 XX 30 mm. columns containing approximately 3 gm. 
of alumina with a 10-fold increase in eluting volumes. ‘The results are 
comparable on either column. Separation takes from 15 minutes to 1 
hour, and six microcolumns can be run simultaneously. With depot fat, 


ted 
ight 
er- 
na 
ind 
a 
tes 
1ed 
ne 
und 
ter 
ol, 
at 
he 
ne 
all 
ve 
Cs 

a 

d 

y 

h 
it 


966 CAROTENOIDS IN HUMAN SERUM AND TISSUE 


pigments carried through with the hexane charge and those eluted with 
acetone-hexane (2:100) are pooled as Fraction 1. Only the acetone-hexane 
(2:100) eluates of arterial wall and serum extracts are taken as Fraction 1, 


Determination of Carotenoid Content 


A Beckman DU spectrophotometer with a photomultiplier tube is used. 
Readings are made at 450 my (0.05 mm. slit) in 50 K 4.30 X 10 mm. 
silica cells. Fractions from the microcolumn are read in 1 ml. of ethanol- 
hexane (2:100), which is added immediately after they are brought to 
dryness. Fractions from 10 XK 30 mm. columns are read in larger equal 
volumes of the same solvent. After each fraction is transferred to the 
spectrophotometer cell, it is observed for turbidity. Total carotenoids 
are calculated from the extinction coefficient, Ei 2, = 2500 at 450 
mu. The optical density of all the fractions is summed and each fraction 
expressed as a per cent of the total. Optical measurements can also be 
made in chloroform if carotenoid solutions have not previously been dried 
in test tubes attached to the rotary evaporator with rubber tubing. In- 
dividual pigments isolated are read at appropriate extinction maxima. 
When absorption spectra are run, the lamp housing is cooled to avoid 
evaporation of solvents and slit widths are kept less than 0.05 mm. 


Saponification and Rechromatography 


These two additional measures, not employed as a routine, enlarge the 
scope of the method. To saponify Fractions 2 and 3, they are taken up in 
1.25 ml. of absolute ethanol, after which 0.3 ml. of 10 N KOH is added. 
Fraction 1, which contains triglycerides, is reduced to the smallest possible 
volume and, for each ml., 12.5 ml. of absolute ethanol and 3.0 ml. of 10 N 
KOH are added. Fractions are then sealed under nitrogen, protected 
from light, and immersed in boiling water for 6 minutes. Upon cooling, 
a volume of diethyl ether twice that of the alcohol used is added, after 
which an equal volume of water is carefully layered in. The resulting 
two phases are swirled to avoid emulsion, and the lower phase is drawn 
off. A volume of hexane equal to the ether used is then added and the 
upper phase is washed repeatedly with water, after which it is dried over 
sodium sulfate and evaporated. 

Procedures for rechromatography have not been standardized into a set 
scheme of elution or development. The constituents of Iractions 1, 2, 
and 3 can be further separated by the following procedures. Fraction 1 
is rechromatographed after saponification to remove triglycerides, Ether- 
hexanes (10: 100), (20:100), and (30:100) are used to develop the column. 


4Pyrocell Manufacturing Company, New York, New York. 


vith 
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Fraction 2, saponified and rechromatographed, provides an estimate of 
esterified carotenols. Acetone-hexane (20: 100) and ethanol-hexane (8: 100) 
are used for elution. Fractions 2 and 3 can also be chromatographed 
without saponification on deactivated alumina.’ Ether-hexane, acetone- 
hexane, and ethanol-hexane are all useful for development and elution. 
To investigate unknown mixtures, a 4 X 120 mm. microcolumn is devel- 
oped visually and cut, and each band is eluted with ethanol-hexane. 
It is convenient to use 10 X 30 mm. columns to produce fractions for 
rechromatography on long or short microcolumns. By proper combina- 
tion of these procedures it should be possible to develop an assay for any 
individual carotenoid of interest. 


Results 


Triplicate assays of pooled human serum and homogenized specimens 
of normal depot fat and arterial wall are shown in Table I. Analysis of 
these data (5) indicates that, although variation occurs in the precision 
with which fractions can be measured, the standard deviation encountered 
in determination of any fraction from any tissue will not exceed 3.7 per 
cent. Column yields for all tissues average 97 + 5 per cent standard 
deviation and no significant difference (P >2) exists between yields from 
any tissue. 

As an additional estimate of the reliability of separation, a comparison 
has been made of the spectral characteristics of Fractions 1 and 3 obtained 
during the analyses given in Table I. Fraction 1 of depot fat shows signif- 
icant variation from individual to individual. The other fractions appear 
constant regardless of source and show little individual variation. Frac- 
tion 1 in serum and aorta has a sharp maximum at 450 my and shoulders 
at 420 and 480 my, in contrast to Fraction 3, which has a blunter maximum 
between 440 and 450 mu, a second maximum at 470 my, and a shoulder at 
420 mu. 

A comparison of the results obtained with 10 X 30 mm. columns and 
4 X 30 mm. columns is shown in Table II. The per cent of total pigment 
contained in each fraction is not significantly different (P >4) with large 
or small columns, which can therefore be used interchangeably. 

The composition of fractions has been investigated in sixteen specimens 
of depot fat, thirteen pooled sera, and twenty-two aortas. It has been 
possible to demonstrate that, at 450 my, all measurable absorbancy in 


5 To 40 gm. of alumina, 50 ml. of absolute methanol are added and allowed to 
stand for 1 hour. The methanol is then decanted, and the alumina is dried at room 
temperature on a watch glass for 16 hours and stored in a tightly stoppered glass 
jar. The activity of each lot of alumina must be individually determined and 
changes slowly with time. 
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eluates from the column can be attributed to pigments with spectral 
characteristics of carotenoids. In addition, from this experience and from 


TABLE 
Results of Triplicate Assay on 4 K 30 Mm. Columns 
Four specimens of homogenized depot fat and arterial wall, each obtained from 
separate individuals, and four different pooled normal human serum specimens were 
analyzed. 


Pooled serum 


Total caroten- | 101 (100 | 98 | 117) 115) 117, 122 | 122 112! 109 | 1061.8 
oids, y % | | | 

Fraction 1,¢ % |t} 21 | 21 | 25 | 29° 22) 27° 25! 26 25 13° 24/ 143.6 
24% || 43 |36 |33 | 41] 41) 38 35 33) 30] 363.3 
“ || 35 |39 | 41 | 31) 39) 30) 35| 40, 54) 47| 503.7 

Yield, % § 89 101 103 | 101 101 105 101 99 96 100 102 | 1044.3 


Depot fat homogenate 


Total caroten- 5.7, 6.0 8.4! 7.7) 8.0 11.812.012.5 9.7 9.610.40.3 
oids, y per gm. | | 
Fraction 1,, % 19 | 18 16 24 (26 26 | 18 (16 19 17 115) «1.8 

2,t % 48 | 48 | 48 41 38 (42 | 48 48 43 48 | 48 45 1.8 


3,t % 33 33 (36 | 36 32 | 34. 35 32 35 (39 (2.7 

Yield, % $| 97 91 93 94 97 91 102 95 96 7 ‘108 96 4.3 
Arterial wall homogenate{ 

Fraction 1,t% t 30 29 28 42 44; 41) 31 | 31 | 29 | 26) 27 | 26 1.0 

st 2,t% 45 52 49 30 | 31 | 38 | 38 | 36 | 36 | 42) 41 | 43 2.9 

3,t% 19 16 18 24 24/18 | 27 | 28 25] 28; 29 | 30 3.2 

Yield, % § 100 100 | SS 101 | 93 82 +> 89 98 107 | 99 | 93 | 92 77 


* Standard deviation. 

t The optical density at 450 my of all the fractions recovered from the column is 
summed, and each fraction is expressed as a per cent of this total. 

t The acetone-hexane (2:100) eluate only. A small amount of pigment eluted 
with the hexane charge is not included inthis fraction. Therefore, the sums of Frac- 
tions 1, 2, and 3 are averages slightly less than 100 per cent. 

§ The optical density at 450 my of all the fractions recovered from the column is 
summed and expressed as a per cent of the optical density at 450 charged on to the 
column. 

|| The acetone-hexane (2:100) eluate pooled with the hexane used in charging. 

| Assays were made on fresh specimens of arterial wall. Quantitative measure- 
ment of total carotenoids requires dried arterial powder. 


observations on reference compounds under the conditions of analysis, 
it has been possible to make the following assignment of pigments to each 
fraction. 
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a- and B-carotene and their stereoisomers appear in Fraction 1. A 
preceding unnumbered fraction is eluted with the hexane used to charge 
the column and contains pigments with less affinity for alumina than does 


TaBLeE II 
Comparison of Fractions Obtained on Duplicate 4 X 30 and 10 X 30 Columns 


Column size, mm. 


10. |4 5¢ 3011, X 30119, 30149, 3014, x 30 
Charge, 37.7, 3.77.38.5) 3.2140.0, 4.0044.1 5.06/44.0 3.60,44.0, 4.40 
Yield, % 88 92 |72 |72 75 190 84 
Fraction 1, % 22 125 32 (33 |27 |48 |47 
2,% 41 39 48 (49 47 47 (384 (34 46 (46 43 40 
3,% 37 {18 |18 |19 (20 (18 115 
Specimen Serum Fat* Fat Aorta Aorta Aorta 
* Jaundiced patient. 
AORTA FAT SERUM 
10.0 Fri 
8.0 
6.0 
4.0 
2.0 


OPTICAL DENSITY 


5.0- 
3.0- 
1.0- 


400 440 480 400 440 480° | 400 440 480 520 
WAVE LENGTH IN MILLIMICRONS 


Fic. 1. Comparison of the visible spectrum of Fractions 1 and 3. The fractions 
are those obtained during the assays shown in Table I. Each curve has been trans- 
posed so that a value of 10 has been assigned to the optical density at 450. 


a-carotene. These pigments appear to be sharply separated from FT rac- 
tion 1 in serum and arterial extracts but have not been found in more than 
trace amounts. A relatively greater amount of these pigments is found 
in depot fat, but their separation from a- and 8-carotene is uncertain, 
and therefore the two fractions are pooled, which may account for the 
variation in the spectrum of this fraction (Fig. 1). After saponifica- 
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tion of this fraction from pooled normal depot fat, it has been possible 
to isolate a pigment with absorption maxima at 420, 396, and 368 my in 
hexane, considered to be ¢-carotene, isomerized during saponification, 
In carotene-poor depot fat of a patient with nutritional cirrhosis, this pig- 
ment, as a major component, could be isolated without saponification, and 
visible spectral maxima in hexane were 425 and 400 mu. ¢-Carotene is 
the carotenoid with the least affinity for alumina encountered to date. 

Prolycopene, lycopene, diester carotenols, and the ‘unknown carot- 
enoid”’ of human tissue appear in Fraction 2. Lycopene isolated by 
rechromatography on deactivated alumina usually has a spectrum sug- 
gesting that this pigment occurs predominantly in the all-trans form, 
However, all trans-lycopene could not be found in the depot fat or aorta 
of two individuals. Rechromatography demonstrated a series of pigments, 
each having one spectral maximum between 460 and 470 my and a second 
between 435 and 440 my in hexane. These are considered to be a series 
of cis isomers of lycopene similar to that isolated from tangerine tomatoes 
by LeRosen and Zechmeister (6). The major pigment of this group in 
one individual had spectral maxima 468 and 438 my in hexane and 480 
and 450 my in benzene, and is felt to be prolycopene. 

The presence of ester carotenols in Fraction 2 can be demonstrated by 
saponification and rechromatography, after which lycopene and the un- 
known carotenoid will reappear in Fraction 2, and carotenols freed by 
saponification will appear in Fraction 3. Lutein is the major esterified 
pigment which has been encountered in human tissues to date. The 
influence of esterification on the analysis of carotenoids has been studied 
by using petroleum ether extracts of paprika before and after saponifica- 
tion. There is evidence that diester capsanthin, capsorubin, and zea- 
xanthin appear in Fraction 2, and that unesterified dihydroxy carotenols, 
cryptoxanthin, and monoester dihydroxycarotenols appear in Fraction 3. 
Diester carotenols are not uncommon in human tissue, but no evidence 
of the occurrence of monoesters has been found to date. 

The major pigment found in Fraction 2 is the ‘unknown carotenoid”’ 
which is epiphasic and does not change its partition coefficient after saponi- 
fication. It follows lycopene on the chromatogram, has absorption max- 
ima at 450 and 470 my in hexane, and is considered to be the unknown 
carotenoid described by Kon and Mawson (7), although it may be an 
unresolved mixture rather than one pigment. 

Cryptoxanthin, lutein, zeaxanthin, capsanthin, and capsorubin appear 
in Fraction 3. In pooled human serum, a small amount of pigment with 
peak absorption at 452 my in hexane and at 463 my in chloroform has 
been found and considered to be cryptoxanthin. This pigment is epiphasic 
in 90 per cent methanol and hypophasic in 95 per cent methanol before 


D. H. BLANKENHORN 971 


and after saponification. The predominant pigments in Fraction 3 are 
lutein and zeaxanthin. Reference specimens of capsanthin and capso- 
rubin have been shown to be completely eluted from the column in Frac- 
tion 3 and are the carotenoids with the greatest affinity for alumina which 
have been investigated to date. 


DISCUSSION 


The method described has been developed to investigate the metabo- 
lism of carotenoid pigments and the manner in which they accumulate 
in normal and abnormal tissues. For such purposes a rapid, reliable 
microassay and preliminary separation were sought rather than critical 
separation of individual pigments or their isomers. To this end, a micro- 
separation briefly described by Kon and Mawson (7) has been tested and 
modified. Four fractions were eluted in the method as originally de- 
scribed, but in our hands uncertain separation occurred between the 
middle two fractions, and in the modified method they are eluted together. 
The solvent used for optical measurement of fractions has been changed 
from hexane to ethanol-hexane (2:100) to eliminate turbid solutions which 
can be a major source of error. Sparingly soluble substances appear to 
be concentrated on the column, producing sufficient turbidity to cause 
poor agreement between duplicate fractions and erroneously high column 
yields. Ethanol-hexane (2:100), which has been shown by Zscheile and 
Porter (8) to have little effect on the absorption coefficients of lycopene, 
has been shown in this laboratory to produce only insignificant shifts 
in absorption maxima of Fractions 1, 2, and 3 from tissue or serum and 
no significant error in determination of the concentration of reference 
8-carotene and lutein. 

Limits have been set as to the amount of carotenoids charged on to the 
column. This has resulted in a uniform yield from the column which 
averages 97 per cent for microcolumns. Since it has been shown that 
carotenoids included on the chromatogram between the ¢-carotene and 
capsorubin will be eluted, pigments which cannot be recovered from the 
column are considered not to be carotenoids. In jaundiced individuals 
this distinction may assume importance. Preliminary trial of the method 
with other tissues and species indicates that it is satisfactory, but it would 
seem wise to recheck the recovery of carotenoids and to watch carefully 
for turbid solutions with each new application. 

Previously, the distribution and occurrence of carotenoids have been 
studied by extensive separations on large amounts of tissue often pooled 
from several individuals. Most metabolic studies have been performed 
by estimating only total carotenoids without information as to which 
pigments were present. During studies of the carotenoids found in human 
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atheromas, the need for more than estimation of total carotenoids became 
apparent, but large samples were not available for assay and so the present 
method was developed. In its simplest form it is a rapid microassay of 
total carotenoids which provides proof of identity and sufficient indication 
of constituent pigments to provide information regarding their metabolic 
behavior. When fractionation into three classes proves insufficient, the 
method can be extended to effect isolation and identification of individual 
pigments with minimal modification. 

During the development of this method, several carotenoids not pre- 
viously reported in human tissue have been encountered. ¢-Carotene, 
cryptoxanthin, prolycopene, and what appears to be an incompletely 
resolved mixture of cis lycopenes have been identified by their spectral 
characteristics and position on the chromatogram. Carotenoids are 
reported to be unselectively absorbed and stored by man (9). Hence, 
when new pigments are found, difference in diet must be considered as a 
cause. Previous reports have been made from Hungary (10), Sweden (11), 
Denmark (12), and England (7), and while it is possible that regional 
differences in dietary may account for the small amount of cryptoxanthin 
found, ¢-carotene and the cis isomers of lycopene cannot be as readily 
explained. Cryptoxanthin has been reported in a number of foodstuffs, 
and a diet containing relatively larger amounts of this pigment may be eaten 
in the area from which the blood used in the present study was obtained. 
¢-Carotene is a rare carotenoid, and this explanation for its presence seems 
unlikely. It has visible maximal absorption at 400 and 425 my and these 
bands are sufficiently different from those of other carotenoids that the 
substance may have been overlooked in previous studies. The occurrence 
of ¢-carotene in small amounts in normal depot fat and as a larger compo- 
nent of carotene-poor depot fat suggests that, once stored, it cannot be as 
readily mobilized or metabolized as the more common carotenoids. It is 
the most saturated polyene of the carotenoid series encountered to date 
and, if a metabolic behavior different from its less saturated isomers could 
be demonstrated, this would be of interest. Cis isomers of lycopene may 
have been encountered before in human tissue (11) but were considered 
to be products of the oxidative degradation of B-carotene. If our identi- 
fication is correct, a selective accumulation of cis polyenes in certain 
individuals would seem likely, because a predominance of trans-lycopene 
in the diet must be assumed. The possibility of isomerization during 
storage or analysis cannot be completely excluded but does not seem 
probable, because cis isomers have been found only twice and, when found, 
they were not accompanied by the demonstrable amounts of trans-lycopene 
which are present when isomerization occurs tn vitro (13). Further inves- 
tigation of carotenoid metabolism may provide valuable information 
relating to mechanisms of alkene hydrocarbon transport and storage. 
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SUMMARY 


1. A method for microanalysis of carotenoids in human blood serum, 


depot fat, and arterial wall has been described. 


2. The occurrence of ¢-carotene, cryptoxanthin, prolycopene, and an 


unresolved mixture of cis isomers of lycopene in human tissue is reported. 


The author wishes to express thanks to Mrs. Agnes Gallaway for expert 


technical assistance. 
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CATALASE INHIBITION BY NORMAL AND NEOPLASTIC 
TISSUE EXTRACTS 


By NICHOLAS M. ALEXANDER 


(From the Radioisotope Service, Veterans Administration Hospital, West 
Haven, Connecticut, and the Department of Biochemistry, 
Yale University, New Haven, Connecticut) 


(Received for publication, February 7, 1957) 


That a reduction in liver catalase activity exists in tumor-bearing ani- 
mals has been known for some time (1). Nakahara and Fukuoka (2) 
partially purified extracts of tumor tissue, which produced a marked re- 
duction in liver catalase activity when injected intraperitoneally. Green- 
field and Meister (3) fractionated similar extracts and found the inhibiting 
material to be heat-stable and non-dialyzable. It did not affect catalatic 
activity (H2O2 decomposition (4)) in vitro. 

Hargreaves and Deutsch (5) found that boiled aqueous extracts of neo- 
plastic tissues did inhibit catalase activity in vitro. Later work (6) re- 
vealed that the inhibitory substance was labile to autoxidation and was 
soluble in 80 per cent ethanol. Studies with iodoacetate indicated that it 
was not a sulfhydryl compound. It was retained on Dowex 2 but not by 
Dowex 50 ion exchange resins; the resin forms were not described. A 
similar inhibitor was found in normal rat liver. 

Ceriotti and Spandrio (7, 8) have recently found that several other 
normal tissues contain the zn vitro inhibitor usually in greater amount 
than neoplastic tissue. The 80 per cent ethanol supernatant solution 
from boiled aqueous extracts of normal tissues often had more absolute 
activity than the crude extracts (7). 

This report describes the complete reversal by ethanol of catalase in- 
hibition in vitro and elucidates the mechanism of action of the inhibitor. 
It is further demonstrated that most of this inhibition is due to ascorbic 
acid and sulfhydryl groups. Evidence is also presented that the mech- 
anisms of in vivo and in vitro inhibitions differ. 


Materials 


N-Ethylmaleimide (NEM) and Cozymase I (DPN)—These were obtained 
from the Schwarz Laboratories, Inc., Mount Vernon, New York. 

Ascorbic acid oxidase was generously furnished by Dr. C. R. Dawson, 
Columbia University. The preparation contained about 1500 units of 
enzyme per mg. and 0.2 per cent copper. It had no catalatic activity. 

Bovine liver catalase, lyophilized enzyme from the Nutritional Biochemi- 
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cals Corporation, Cleveland, Ohio, was used. The enzyme was dissolved 
in 0.1 M phosphate buffer, pI 6.8, and, although insoluble material was 
centrifuged and discarded, the concentrations expressed are those of the 
original suspension. The light extinction ratio at 405 and 280 mu 
(D405 Mp/ Dogo Mu) Of the clear brown supernatant solution was 0.54. 

Crystalline bovine serum albumin was purchased from the Nutritional 
Biochemicals Corporation. 

Liver Homogenates and Ethanol-Soluble Boiled Aqueous Extract (BA E)— 
Homogenates of Sprague-Dawley rat livers were prepared by homogenizing 
them for 1 minute in a Waring blendor in the presence of 2 volumes of 
M/15 phosphate buffer, pH 6.8. The homogenate was centrifuged for 
10 minutes at 500 X g and the supernatant mixture was used. Crude 
boiled extract was then prepared as described by Hargreaves and Deutsch 
(5). The 80 per cent ethanol supernatant solution was obtained by adding 
absolute ethanol to the required volume and then centrifuging. After 
evaporation of the supernatant solution to dryness on a hot plate, the 
yellow residue was twice dissolved with 2 to 3 ml. of water and reevaporated 
to insure complete removal of all the ethanol. The material was finally 
dissolved in 0.1 M phosphate buffer, pH 6.8, to the original volume of the 
crude boiled aqueous extract. BAKE was prepared immediately before 
use from liver homogenates stored in the refrigerator. 

Catalase-Depressing Factor—A preparation from a human carcinoma of 
the intestine was fractionated with ethanol as described by Greenfield 
and Meister (3). The fractions precipitating between 0 to 60 per cent 
ethanol were pooled and used. 


Methods 


Non-Volatile Organic Material in BAE—This material was determined 
according to Johnson (9) with crystalline bovine serum albumin as the 
standard. 1 ml. of BAE usually contained 15 to 20 mg. of non-volatile 
organic material. 

Catalatic Assay—The breakdown of HO. was determined by adding to 
the catalase solution 3 ml. of about 0.7 N H2Ozs, in 0.1 M phosphate buffer, 
pH 6.8, from a pipette with the tip cut off for fast delivery. The reaction 
was carried out in 50 ml. Erlenmeyer flasks and the assay time was usually 
30 or 60 seconds at room temperature (27—29°). The catalase concentra- 
tion was such that one-half to two-thirds of the H.O2 was decomposed as 
determined by iodometric titration (10). The reaction was stopped with 
2 ml. of 9 N H.SO, and catalatic activity is expressed as milliequivalents 
of H.O2 decomposed. 

Peroxidase Assay—The aerobic peroxidation of ethanol to acetaldehyde 
was determined by allowing the reaction to proceed at room temperature 
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| in the outer chamber of a Conway vessel and trapping the acetaldehyde 
with semicarbazide in the center well (11). 

The anaerobic peroxidation of ethanol was carried out in) Warburg 
flasks which were flushed with nitrogen for 10 minutes before tipping in 
ethanol. At the end of the reaction period, to prevent losses of acetalde- 
] hyde, the flasks were cooled with ice before the manometers were dis- 
connected. An aliquot of the reaction mixture was withdrawn with a dry 
refrigerated pipette and added to the outer well of a Conway vessel which 
contained 2 ml. of 15 per cent trichloroacetic acid to stop any further 
peroxidase activity. The acetaldehyde was then determined as above 
(11). 

Oxygen uptakes by BAE were determined with the Warburg apparatus. 
Optical measurements were made in | em. cells with a Beckman DU 
spectrophotometer. 


Results 


Peroxidation of Ethanol to Acetaldehyde by Catalase in Presence of BAE— 

Since the inhibitor in BAE is labile (6), H2O2 could possibly be a product 
of its autoxidation. Catalase should be able to utilize this HeO: in the 
peroxidation of ethanol to acetaldehyde, as it does enzymatically generated 
HO» (12-14). Experiments were performed to test this possibility and 
| the conditions, protocol, and results of a typical group of experiments are 
| presented in Table I. 
; Experiments 1 to 7, Table I, were controls demonstrating that in the 
absence of catalase, BAE, or ethanol, or with boiled catalase, very little 
acetaldehyde was formed, but in the complete reaction mixture (Experi- 
ments 8 and 9) much more acetaldehyde was formed. 

The presence of alcohol dehydrogenase in the catalase and DPN in the 
BAE would also lead to the formation of acetaldehyde from ethanol (15). 
No acetaldehyde was formed when DPN (2 umoles) was substituted for 
BAE in experiments identical with those in Table I. Consequently, the 
premise that BAE generates HzO: is substantiated. 

Addition of BAE results in an 80 per cent inhibition of catalatic asthe: 
as seen in the last column in Experiments 4 and 6. The complete reversal 
of this inhibition by ethanol is readily apparent when one compares Exper- 
iments 8 and 9 with Experiments 6 and 5. 

In Experiment 1, Table II, it is seen that, in the presence of ethanol and 
catalase, a BAE solution containing 80 mg. of non-volatile, organic material 
took up 2.1 wmoles of oxygen in 3 hours. In the absence of ethanol (Ex- 
periment 2), this figure was halved. BAE solution by itself took up 1.8 
umoles of oxygen (Experiment 3), and theoretically this value should 


‘ 


978 CATALASE INHIBITION BY TISSUE EXTRACTS 


TABLE I 
Peroxidation of Colls;OH to CH;CHO in Presence of Catalase and BAE 


Experiment No.| Catalase Ethanol | BAE CH:CHO | Catalatic activity 
1 + 0 
2 | | | 0.5 0 
3 | — + +- | 1.6 0 
4 | + _ _ 0.4 1.003 
5 | + + | — 0.3 1.108 
6 | + - + 1.8 0.180 
7 ae + + 3.0 0 
| + + 56.4 1.107 
9 | > + + 57.4 1.109 


Conditions: The reaction was carried out in the outer well of Conway diffusion 
vessels with catalase, BAKE, ethanol, and buffer. Total volume was 3.0 ml. in 0.1 
M buffer, pH 6.8, containing 0.5 mg. of catalase, 0.23 mM ethanol, and 14.6 mg. of BAEK. 
Reaction time was 5 hours. The center well contained 2 ml. of 0.02 Mm semicarba- 
zide-HCl in 0.1 m PO,, pH 6.8, as a trapping agent for the CH;CHO formed. The 
contents were quantitatively transferred to 10 ml. volumetric flasks and made up 
to volume in Experiments 1 to 7. 25 ml. volumetric flasks were used for Experi- 
ments 8 and 9. Catalatic activities were determined at the end of the experiment 
by assaying 50 wl. of the given solution for 1 minute. 
* Catalase solution was boiled. 


TABLE II 
Stoichiometry of Oxygen Uptake and Acetaldehyde Formation by BAE, Catalase, and 
Ethanol 

Experiment No. | Catalase | Ethanol | BAE | Oz uptake CH;CHO formed 

| | pmoles pmoles 

1 | + + | + | 2.1 2.0 

2 | + | + 


| | | 


Conditions were the same as in Table I except that the reaction was aerobically 
carried out in Warburg vessels and 80 mg. of BAK were used. Reaction time was 3 
hours, after which a 1 ml. aliquot was withdrawn for acetaldehyde determination 
(see under ‘‘iixperimental’’), with Experiment 3 serving as the blank. 


have equaled that of Experiment 1, as the following equations would in- 
dicate. In the absence of ethanol 


(1) BAE-2H om) BAE H.O. 


atalase 
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in the presence of ethanol 
(1) BAK-2H + O, — BAE + HO, 


t 
(2) + C:H,oH oH.cHO + 2H.0 


If some of the generated H.O2 were spontaneously broken down to oxygen 
and water, the lower than expected figure of Experiment 3 would be ex- 
plained. 

Anaerobiosis should prevent the peroxidation of ethanol in the presence 
of catalase and BAE, since no HO: should be formed by autoxidation of 
the BAE inhibitor. Table III gives the results of experiments in which 
the atmosphere and dissolved gases were replaced with nitrogen about 


TABLE III 


Effect of Anaerobiosis on Coupled Perozidation of Ethanol to Acetaldehyde 
in Presence of Catalase and BAE 


Experiment No. | Catalase | BAE Ethanol Gas phase CH;CHO 

| 

1 + No 0 

2 +* + + 0.3 

3 + + + ‘i 5.8 

4 + ~ - Air 0 

5 +* + 0.5 

6 + + + . 25.7 


Conditions were the same as in Table I except that 22.6 mg. of BAE were used. 
The reaction was run in Warburg vessels for 3.5 hours. 
* Catalase solution was boiled. 


15 minutes after the BAE residue had been dissolved. Only one-fourth 
as much acetaldehyde is formed as with aerobiosis. The small amount 
of acetaldehyde formed under nitrogen in Experiment 3 may have been 
the result of some contaminating oxygen in the nitrogen gas. We can 
assume that the anaerobiosis is affecting the autoxidation of the BAE 
inhibitor and not catalase per se, since the possible inhibition of catalase 
activity by anaerobiosis, as proposed by Keilin and Hartree, has not yet 
been demonstrated (16). 

Absorption Spectrum of Catalase in Presence of BAE and BAE and Ethan- 
ol—Hargreaves and Deutsch (5) observed a reduction in absorption in 
the Soret band of catalase when the crude boiled aqueous extract from a 
neoplasm was added. Their result is repeated with BAE in Fig. 1, which 
also shows that ethanol almost completely reverses the effect. There is 
one-fifth as much reduction in absorption at 405 muy in the presence of 
ethanol and BAE as there is in the presence of BAE alone. This is re- 
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CATALASE 
CATALASE-ET DH (1.495) 
0.250+ CATALASE-BAE-Et0H(I.496) 
CATAL ASE-BAE (0.545) 
‘\ 
0.200 
> 
za 
uJ 
20.150} 
o 
a 
oO 
0.100+ 
0.060 


380 390 400 410 420 430 440 450 


WAVELENGTH mp 


Fic. 1. The effect of BAE and BAE plus ethanol on the absorption spectrum of 
catalase in the Soret region. Conditions: Total volume was 1.6 ml. in 0.1 mM phos- 
phate buffer, pH 6.8, containing 0.5 ml. of catalase, 2 mg. per ml., 0.5 M ethanol, and 
11.7 mg. of BAF as indicated on the graph. Solutions were read against ‘‘blank’’ 
solutions containing everything but catalase in 1 cm. semimicrocuvettes after stand- 
ing for 5 hours in the refrigerator. 100 wl. of the mixtures were assayed for 30 sec- 
onds to obtain the catalatic activities given in parentheses. The absorption spec- 
trum of catalase alone is identical to that of catalase plus ethanol. 


flected in the catalatic activities shown in Fig. 1, which again demonstrate 
the complete reversal by ethanol of BAE catalatic inhibition. 
Nature oj Inhibitor—The above data support the formation of HO. by 


: 
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autoxidation of the inhibitor. Some naturally occurring catalase inhibi- 
tors which give rise to HO. (cf. Rappoport et al. (17)) on autoxidation 
are sulfhydryl compounds, such as reduced glutathione and cysteine (18, 
19). It is of interest to point out that glutathione is released from protein 
by heating (20, 21). Determination of the sulfhydryl content in BAE! 
shows the presence of 2 to 3 umoles of sulfhydryl groups per 20 mg. of BAE. 
The sulfhydryl reagent, NEM, partially reverses the catalatic inhibition 
by BAE (Experiment 6, Table V) to the extent of about 30 per cent. 
The data in Table IV demonstrate that 0.23 m ethanol completely re- 
verses catalatic inhibition by cysteine and reduced glutathione even when 
these compounds are present in sufficiently high concentrations (18, 19) 


TABLE IV 


Reversal by Ethanol of Catalase Inhibition by Sulfhydryl Compounds and 
Concomitant Formation of Acetaldehyde 


Experiment No. | Catalase Ethanol Cysteine CH:CHO-=_ Catalatic activity 

1 + + - - 0.3 1.202 

2 + + + - 26.6 1.220 

3 - + + _ 6.1 0 

4 + = + ates 2.7 0.610 

5 + - = + 2.8 0.104 

6 + + as + 74.5 1.214 

7 - + - + 4.4 0 


Conditions were the same as in Table I except that glutathione and cysteine re- 
placed BAK and their concentrations were 0.0067 mM. Catalatic activities were de- 
termined at the end of 5 hours by assaying 100 ul. for 30 seconds. 


to cause marked inhibition in the absence of ethanol. Ethanol is peroxi- 
dized to acetaldehyde in the process. Much less acetaldehyde is non- 
enzymatically formed by either sulfhydryl compound. 

Ascorbie acid, which generates H2O2 on autoxidation, is another potent 
catalase inhibitor (22) that is quite soluble in ethanol. Since normal 
rat livers contain 0.26 mg. of ascorbate per gm. of tissue (23), BAE should 
contain ascorbie acid. Treating BAE with ascorbic acid oxidase would 
oxidize ascorbate to dehydroascorbate and water instead of HO, (24). 
As indicated in Table V, when one preincubates BAE with ascorbic acid 
oxidase, 16.0 per cent of the catalase inhibition is reversed. A 28.9 per 


! Sulfhydryl group determination was by a method involving NEM. The decrease 
in light extinetion of NEM at 300 mu after reacting with sulfhydryl groups is directly 
proportional (mole for mole) to the concentration of sulfhydryl groups. Details of 
the method will be submitted for publication elsewhere. 


i 
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cent reversal is observed in the presence of NEM alone (Table V). When 
preincubated together, the effects of NEM and ascorbic acid oxidase are 
not simply additive, since there is a 75.3 per cent reversal. 

Reactivation by Ethanol of Reduced Catalatic Activity of Normal Aged 
Rat Liver Homogenates; Lack of Effect of Ethanol on Reduced Liver Catalatic 
Activity of Rats Injected with Catalase-Depressing Factor—Seabra and Deutsch 


TABLE V 
Effect of Ascorbic Acid Oxidase and NEM on Inhibition of Catalase by BAE 
Ascorbic | Catalatic 
Experiment No. Catalase BAE A. NEM activity Inhibition* Reversalt 
per cent per cent 
J + 0.881 0 
2 + _ _ + 0.860 0 
3 + + 1.026 0 
4 + _ + + 0.816 0 
5 + + - _ 0.430 50.6 0 
6 + + _ + 0.550 36.0 28.9 
7 + + + - 0.590 42.5 16.0 
8 + + + + 0.714 12.5 75.3 


Conditions: Total volume was 3.0 ml. containing 0.06 mg. of catalase, 13.7 mg. of 
BAKE, 260 units of purified ascorbic acid oxidase, and 20 ymoles of NIM in 0.1 m phos- 
phate buffer, pH 6.8. Everything but catalase was added to 50 ml. Erlenmeyer 
flasks and allowed to stand for 20 minutes at room temperature with occasional stir- 
ring. At the end of this time, 100 ul. of catalase solution were added and allowed to 
stand for another 60 minutes. The mixtures were then assayed for 30 seconds. The 
amount of decomposed H2O2 was determined by comparing the reaction mixtures to 
solutions treated in the same manner which contained everything but catalase. The 
results are from duplicate assays. 

* Per cent inhibition was determined by comparing Experiments 5 to 8 with their 
respective controls, Experiments 1 to 4. 

tT Per cent reversal was calculated by getting the differences of the per cent inhibi- 
tion between Experiment 5 and Experiments 6, 7, and 8, dividing by the per cent 
inhibition in Experiment 5, and multiplying by 100. 


(6) reported that autolysis of normal rat liver homogenates results in a 
decreased catalatic activity. The data in Table VI demonstrate that 
ethanol completely reactivates the inhibited catalatic activity in normal 
aged liver homogenates. Experiment 1 demonstrates the catalatic activity 
of a freshly prepared homogenate. Some activation in this fresh homoge- 
nate is brought about by ethanol, as seen in Experiment 2. The reduction 
in activity after aging for 5 days is presented in Experiment 3 and the com- 
plete reactivation by ethanol is manifested in Experiment 4. 

The liver catalatic activity of a rat injected intraperitoneally 40 hours 


j j } 
i 


hen 
are 


itic 
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previously with the catalase-depressing factor (3) was reduced by about 
50 per cent. This is apparent in Experiment 5, Table VI. In Experiment 
6, it is seen that ethanol has little effect on this reduced activity. The 
small reversal brought about by ethanol is the same as that produced in 
fresh normal homogenates. 


TABLE VI 


Effect of ELOH on Reduced Catalatic Activities of Liver Homogenates from 
Normal and Injected Animals 


Contents “setivityy 

1 5 wl. of fresh normal rat liver homogenate 1.010 

2 diluted 5:6 with 6.9 | 1.120 
mM EtOH 

3 5 wl. of aged normal rat liver homogenate 0.704 

mM EtOH 

5 5 ul. of homogenate from animal injected with catalase-depress- | 0.535 
ing factor 

6 6 wl. of homogenate from animal injected with catalase-depress- | 0.640 
ing factor diluted 5:6 with 6.9 m EtOH 


Conditions: The assay time was 15 seconds and all values are those of duplicate 
determinations. The homogenate in Experiment 1 was allowed to age for 5 days at 
3° prior to being used in Experiments 3 and 4. The homogenate used in Experiments 
5 and 6 was from a rat weighing the same as the control which was sacrificed 40 hours 
after being injected with 100 mg. of catalase-depressing factor. The homogenates in 
Experiments 2, 4, and 6 were assayed after allowing them to stand for 10 minutes 
with ethanol in the refrigerator. All assays except Experiments 3 and 4 were carried 
out within 1 hour after the animals had been sacrificed. The two homogenates had 
practically the same protein concentrations as determined by a biuret method (25). 


DISCUSSION 


Keilin and Hartree (12, 13) first demonstrated the coupled peroxidation 
of ethanol to acetaldehyde by catalase in the presence of an enzymatically 
generated (glucose oxidase) supply of H2O»s. Chance (22) studied the 
spectral curves of such mixtures and observed the formation of active 
catalase-H2O2 complex I and inactive catalase-H2O2 complex II. The 
addition of ethanol caused complex II to disappear. He also found these 
spectral changes to occur when ascorbate was used instead of H2Osz. 

These observations can be directly applied to our data in furnishing a 
rationale for the mechanism of BAE inhibition. BAE continuously 
generates HO. which is decomposed to oxygen and water in the presence 
of catalase with the concomitant formation of some inactive complex IT. 
One then observes a reduction in catalatic activity. When ethanol is 
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added to this system, it is peroxidized to acetaldehyde, removing and 
preventing the further accumulation of complex II, so that the catalatic 
activity is restored and no more inhibition occurs. 

Spectrophotometric evidence favors the above interpretation, and the 
results obtained are essentially the same as those obtained by Chance (22). 
The spectrum of the catalase-BAE mixture is similar to the one he ascribes 
to inactive complex II. It might be argued that a catalase-sulfhydry] or 
other interaction might be responsible for the changes in the catalase- 
BAE spectrum, but much higher affinity of catalase for H2O2 compared 
with sulfhydryl (19) and other compounds (14) is against this and the 
observed spectrum should predominantly be that of complex IT. 

The reversal by ethanol of the reduced liver catalatic activity in aged 
normal liver homogenates indicates that the above described mechanism 
applies. With aging, there is probably autoxidation of the inhibitors 
generating H2O. and there may also be H2O:2 generated by enzymatic 
activity in the liver. The small activation by ethanol of the fresh normal 
homogenate is probably also due to removal of complex II in the homoge- 
nate and the prevention of its formation during the assay with bottled 
H2O>. 

Ethanol, similarly, has a small activation effect 7n vitro on the reduced 
catalatic activity of the liver homogenates from injected animals, and 
this effect is identical to that observed in fresh normal homogenate. The 
remaining inhibition brought about by the catalase-depressing factor is 
unaffected by ethanol zn vitro. Therefore, it is concluded that the mech- 
anism of in vivo inhibition is different from that observed with BAE in vitro. 


SUMMARY 


1. The mechanism of catalase inhibition by an ethanol-soluble boiled 
aqueous extract (BAE) of normal rat liver has been examined. The 
inhibition seems to be the result of substances in the extract which gen- 
erate HO. during autoxidation by atmospheric oxygen. 

2. During the preincubation of BAE with catalase, the H2O2 generated 
is predominantly decomposed to oxygen and water but some inactive 
catalase-H2O2 complex II accumulates. 

3. Ethanol completely prevents this inhibition and is aerobically per- 
oxidized to acetaldehyde in the process. The generated H2O2 is almost 
stoichiometrically used in the peroxidation of ethanol. 

4. Further evidence for the accumulation of complex IT in a BAE-cata- 
lase mixture is obtained spectrophotometrically. 

5. Preincubation of BAE with N-ethylmaleimide and ascorbie acid 
oxidase indicates that most of the catalatic inhibition is due to the autoxi- 
dation of ascorbic acid and sulfhydryl groups. 
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6. Ethanol completely reverses the catalase inhibition by cysteine in 
vitro and reduced glutathione and is peroxidized to acetaldehyde in the 


rocess. 

‘ 7. Ethanol completely reverses the catalatic inhibition in aged normal 
rat liver homogenates, but ethanol has no 7n vitro effect on the reduced 
liver catalatic activity of rats injected with a catalase-depressing material 
of neoplastic origin. 


The technical assistance of Mrs. P. Naples is gratefully acknowledged. 
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5/-ADENYLIC ACID DEAMINASE 


I. ISOLATION OF THE CRYSTALLINE ENZYME FROM 
RABBIT SKELETAL MUSCLE* 


By YA-PIN LEE 
(From the Institute for Enzyme Research, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, March 11, 1957) 


In 1928, Schmidt (1) first described the presence of 5’-adenylic acid de- 
aminase in muscle. He succeeded in separating this enzyme from adeno- 
sine deaminase and in isolating inosinic acid and ammonia as products of 
the reaction. He also reported that it specifically deaminated 5’-adenylic 
acid. In 1947, Kalckar (2) described two methods for the preparation of 
this enzyme and introduced a spectrophotometric method for the deter- 
mination of the enzyme activity. A procedure for purifying this en- 
zyme, based on a combination of the procedures of Schmidt and Kalckar 
and supplemented by the paper chromatographic technique for enzymes 
as described by Mitchell et al. (3), was developed by Nikiforuk and Colo- 
wick (4). 

Cytologically, the deaminase is located in the myofibrillar nuclear com- 
ponent of skeletal muscle (5). This enzyme exists not only in skeletal 
muscle but also in the water-soluble fraction of heart muscle, smooth 
muscle, liver, and kidney (6-9), although these activities are never as great 
as that of skeletal muscle. The deaminase is present as a complex with 
myosin (10-17). The separation of this enzyme from myosin by heat 
treatment was first reported by Engelhardt et al. (18) and Lyubimova and 
Matlina (19), and has been confirmed by the present author (20) and Locker 
(21) in detail. Engelhardt et al. claimed that this enzyme had globulin 
properties and required a cofactor which was lost during the prolonged 
dialysis. 

In the present paper, a method developed from a preceding report (20) 
is described for the isolation of crystalline deaminase from rabbit skeletal 
muscle. 


EXPERIMENTAL 
Enzyme Assay 


The activity of the enzyme was measured with a recording spectropho- 
tometer at 265 my according to Kalckar’s method (2). The reaction mix- 


* This investigation was supported by a grant (No. G-1809) from the National 
Science Foundation and by the Life Insurance Medical Research Fund. 
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ture contained 4.5 & 107-5 m 5’-adenylic acid (AMP), 0.1 M succinate 
buffer,! pH 6.4, and water to 2.9 ml. The reaction, which was carried out 
at 30°, was started by the addition of diluted enzyme solution. The en- 
zyme preparations were usually diluted with 0.5 mM potassium chloride solu- 
tion unless otherwise noted. 10 units were defined as that amount of en- 
zyme which catalyzed an optical density change from 0.55 to 0.40 in 1 
minute at 265 mu. The specific activity was expressed as units per mg. 
of protein. 

Experiments at high substrate concentration (above 0.063 umole per ml. 
of reaction mixture) were carried out in test tubes in which the reactions 
were stopped by the addition of 0.1 ml. of 60 per cent perchloric acid. After 
proper dilution with water, the optical density was determined with the 
Beckman DUR spectrophotemeter at 265 or 240 mu. Ammonia formed by 
the deamination was determined colorimetrically with conventional Nes- 
sler’s reagent which was prepared according to Koch and McMeekin (22), 

Protein was determined by biuret reaction according to Gornall e¢ al. 
(23). Unless otherwise noted, pH measurements were made with the glass 
electrode calibrated at the appropriate temperature. 


Purification Procedures 


Extraction of Muscle—The back and leg muscles of rabbits were excised 
immediately after decapitation of the rabbits and were chilled in ice. The 
muscle was passed through a chilled meat chopper and then homogenized 
for 1 minute in a Waring blendor with 3.5 volumes of a solution containing 
0.3 M KCl, 0.09 mM KH.PO,, and 0.06 M K.HPO, at pH 6.5. The de- 
aminase was extracted with efficient stirring at 3° for 1 hour and was 
centrifuged at 1500 * g for 30 minutes. The residue was reextracted with 
2 volumes of the same buffer for 1 hour at 3°. The combined supernatant 
liquid was passed through two layers of cheesecloth to remove the lipide 
layer. 

Low Salt Fractionation—The combined extract was diluted with 9 vol- 
umes of chilled water with stirring over 15 minutes at 3° and then was 
stirred for 10 more minutes. The suspension was centrifuged (Sharples) 
or, alternatively, was allowed to stand in the cold room overnight and the 
clear supernatant fluid was aspirated and then the low layer centrifuged. 
The resulting precipitate was dissolved in 0.5 m KCl (usually about 200 
ml. per 100 gm. of original ground muscle), and the protein concentration 
was adjusted to 1.5 per cent by addition of 0.5 m KCl. 

Heat Fractionation-—The resulting viscous cloudy solution was brought 


1 Although the buffer capacity of succinate at pH 6.4 is low, succinate yielded the 
best results. Malonate, maleate, glycerophosphate, phosphate, pyrophosphate, his- 
tidine, malate, and citrate buffers were not suitable for the assay. 
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to 0.02 Mm MgCl. by the addition of 1 m MgCl, solution and the pH of the 
solution was adjusted to 6.8 with 1 M K2HPO, solution. 1000 ml. portions 
of this solution, efficiently stirred, were heated in a 2 liter stainless steel 
beaker to 50° + 1° by running warm water (57° + 2°). This required 
about 3 minutes. The suspension was maintained at 50° + 1° for 2 min- 
utes and then chilled in a —10° alcohol bath until the temperature dropped 
to 3°. The denatured protein was centrifuged at 1500 X g for 30 minutes. 
The precipitate was suspended in 0.5m KCl solution (100 ml. per 100 gm. of 
original ground muscle) and then heated to 45°. The coagulated elastic 
protein was quickly filtered through one layer of cheesecloth. The super- 
natant fluid and the filtrate were combined. 

Ethanol Fractionation—The pH of the combined cloudy solution was ad- 
justed to 6.5 with 0.5 N acetic acid and chilled to —2° ina —10° bath. 95 
per cent ethanol was slowly added to7 per cent ethanol (v/v) at such a rate 
that a temperature of — 2° was maintained. The suspension was centrifuged 
at 1500 & g at —2° for 30 minutes. | The resulting supernatant liquid was 
filtered through a thin layer of Celite on a Biichner funnel under mild suc- 
tion, and the precipitate was again centrifuged at 19,000 X g for 10 minutes. 
The slightly opalescent filtrate and the supernatant liquid were combined 
and brought to 23 per cent (v/v) with 95 per cent ethanol at —5° at such 
a rate that the temperature stayed at —5° ina —10° bath. After the tem- 
perature was allowed to drop to —10°, the suspension was centrifuged at 
1500 X g at —10° for 30 minutes. The precipitate was dissolved in 0.5 M 
KCl (about 20 ml. per 100 gm. of original ground muscle) to give a protein 
concentration of about 0.5 per cent. 

Ammonium Sulfate Fractionation -Most of the deaminase activity was 
obtained between 1.26 and 2.26 M ammonium sulfate by the addition 
of solid ammonium sulfate at pH 6.5 at 3°. The precipitate, collected by 
centrifugation, was dissolved in 0.5 Mm KCI (about 10 ml. per 100 gm. of 
original ground muscle) to give a protein concentration of about 0.5 per 
cent. 

Low Salt Fractionation—-The ammonium sulfate fraction was adjusted 
to pH 6.5 and was dialyzed against 10 volumes of 0.02 M KCI solution with 
stirring at 3° for 8 hours. The precipitate was dissolved in 0.5 Mm KCl 
(about 5 ml. per 100 gm. of original ground muscle) to give a protein con- 
centration of 0.5 per cent. 

Calcium Phosphate Gel Fractionation—Calcium phosphate gel was pre- 
pared according to the method described by Keilin and Hartree (24). 2.0 
ml. of the gel (20 mg. of dry weight per ml.) were added to each 10 ml. of 
the low salt fraction. The suspension was adjusted to pH 6.5 with 0.5 ~ 
acetic acid. After being stirred for 30 minutes at 3°, the precipitate was 
collected by centrifugation. If all of the enzyme had not been absorbed, 
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successive small amounts of Ca phosphate gel (0.3 ml. of gel suspension 
per 10 ml. of initial solution) were added and collected by centrifugation. 
Each of the gel fractions was washed individually with 0.3 mM IKXCl solution 
(equal to the volume of the gel suspension added) and then eluted twice 


Le 


Fic. 1. Crystals of 5’-adenylic acid deaminase. The photomicrograph was ob- 
tained at about 8°. 


TABLE 
Purification of 5'-Adenylic Acid Deaminase 
3 kilos of rabbit skeletal muscle. 


units | Unita per | 
meg. | per cent 
1 | Musele extract 340,000 | 3,730,000 | (100) 
2 Low salt ppt. — 168,000 | 3,360,000 20 1.8 90 
3 Heat-treated fraction 49,500 2,470,000 | 50 4.5 66 
4 fraction 8,960 1,270,000 | 320 2 | 
5 | Ammonium sulfate frac- 1,320 960,000 720 65.5 25.5 
tion | 
6 | Low salt fraction | 850 930,000 1,100 100 24 
7 Ca phosphate gel eluate 120 540,000 4,500) 410s 14.5 
8 Crystals (lst crop only) | IS | 183,000 10,200 920 | 5 


* This value is not corrected for the inhibition caused by phosphate (25). 


with 0.08 Mm KeHPO,, pH 8.5 (half volume of the gel suspension which was 
added), at 3° for 2 hours in each elution. The combined gel residues were 
eluted with 0.1 Mm KeHPO,, pH 8.5, solution overnight and the eluate was 
saved. 

Crystalline Deaminase-—The eluates of high specific activity (more than 
4000 units per mg.)? were collected and the pH of this clear solution was 


* Kluates of specific activity greater than 6000 vielded larger crystals very quickly. 
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ion adjusted to 8.0. The solution was chilled to —3° in a — 10° bath and 0.15 
on, volume of 95 per cent ethanol was added slowly with mild stirring. After 
ion the temperature was allowed to drop to —8°, the suspension was centri- 
ice fuged at 19,000 X g at —8° for 10 minutes. A small amount of 0.5 mM KCl 
of solution was added to the resulting precipitate to make a saturated pro- 
tein solution at room temperature (22° + 2°). This clear viscous solution 
was cooled very slowly with mild stirring. The crystals (Fig. 1) came out 
during the drop of the temperature. After standing at 0° overnight,’ 
crystals were collected by centrifugation and then washed with 2 volumes of 
0.1 m KCI solution. The packed crystals were stored at 0° after the cen- 
trifugation. More crystals could be obtained from the mother liquid, the 
0.15 volume ethanol supernatant fraction, and the Ca phosphate gel eluates 
of lower specific activity by repeating the fractionation with ethanol de- 
scribed in this step. 

The results of a typical fractionation are summarized in Table I. The 
over-all purification was about 800-fold after correcting for inhibition by 


set phosphate present in the initial KCl-potassium phosphate muscle extract. 


SUMMARY 


A method is described for the isolation of crystalline 5’-adenylic acid 
deaminase from rabbit skeletal muscle. 


The author wishes to thank Dr. H. A. Lardy for his interest in this work, 
Dr. L. Noda for suggestions and help in using instruments, and Dr. R. J. 
Peanasky for discussions. 
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5’-ADENYLIC ACID DEAMINASE 
Il. HOMOGENEITY AND PHYSICOCHEMICAL PROPERTIES* 


By YA-PIN LEE 


(From the Institute for Enzyme Research, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, March 11, 1957) 


In Paper I (1) of this series, a method of isolation of the crystalline 
5’-adenylic acid deaminase was described. A wide variety of procedures 
has been employed for the investigation of the homogeneity of the enzyme 
and some of its physical and chemical properties were also determined. 


Methods and Results 
Homogeneity Studies 


The crystalline deaminase used was prepared by the method described in 
Paper 1 (1). Unless otherwise specified, protein determinations were made 
by the colorimetric biuret method (2). 

Llectrophoresis—All electrophoretic studies were conducted in 2 or 6 ml. 
open cells of the Perkin-Elmer electrophoresis apparatus. Conductivity 
measurements were made on the equilibrated buffer, and pH determina- 
tions on the equilibrated buffer solution by a glass electrode calibrated at 
3°. The protein solutions were dialyzed, with stirring of the external 
buffer and of the bag contents, against | liter of the appropriate buffer at 
about 3° for 12 hours, with two changes of buffer. Electrophoresis was 
conducted at pH values from 5.2 to 8.93 in potassium phosphate, caco- 
dylate, and glycine buffers. Ionic strength of 0.1, 0.2, 0.3, and 0.33 and 
protein concentrations from 0.4 to 6 mg. per ml. were used. Under all 
conditions only a single symmetrical peak was obtained. Typical elec- 
trophoretic patterns are shown in Fig. 1. Electrophoretic mobilities, cal- 
culated in the usual manner (3), are presented in Table I. The isoelectric 
point is estimated by extrapolation to be approximately at pH 5.6, ac- 
cording to the results obtained from the experiments in phosphate-KC1 
buffer of ionic strength 0.2. At this ionic strength the protein precipitates 
at a lower pH. 

Sedimentation—Sedimentation studies were conducted in a Spinco model 
Ik. ultracentrifuge at 25°, at 59,780 r.p.m. The protein solution had been 
dialyzed against 2 liters of 0.01 M potassium phosphate-0.5 m KCI buffer 
solution (pH 6.68 at 25°) with stirring at 25° for 10 hours. Final protein 


* This investigation was supported by a grant (No. G-1809) from the National 
Science Foundation and by the Life Insurance Medical Research Fund. 
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concentration of 6, 4, and 2 mg. per ml. was employed. The results of 
two sedimentation velocity runs are shown in Fig. 2. Under these con- 
ditions, the protein sedimented as a single peak. The sedimentation con- 
stant, S2;,~, calculated according to Baldwin (4), is [(12.29 + 0.05) & 10-" 
sec.] [1 — 0.059 C], forO < C < 0.6, protein concentration C in gm. per 


Asc. 4 
Fic. 1. Electrophoretic patterns of enzyme. A, pH 6.06, 1/2 = 0.3, 
180 minutes; B, pH 6.74, '/2 = 0.2, 180 minutes; C, pH 7.63, '/2 = 0.2, 180 minutes. 


TABLE 
Electrophoretic Mobility of 5'-Adenylic Acid Deaminase 


Mobility 
volis per cm. 
8.93 0.1 8.63 —4.86 
Potassium phosphate-KCl.............. 8.25 0.2 3.57 —3.35 
“a 6.74 0.2 4.33 —1.47 
6.06 0.3 2.71 | —1.23 


* Based upon work of Li ((3), Table I). 


Diffuston—The diffusion experiment was conducted at 25° with the Gouy 
interference method (5) in the Gouy diffusiometer. The experiment and 
calculation were kindly carried out by Dr. Louis J. Gosting under the 
following conditions: 1 mg. per ml. of protein solution was dialyzed against 
0.01 M potassium phosphate-0.15 m KCl buffer, pH 6.7, with two changes 
of buffer at room temperature (23° + 2°) for 2 days and then was equili- 
brated in a 25° bath overnight. Because of the low protein concentration, 
insufficient accuracy was available to use the relative fringe deviations, 
Q (5), to yield information concerning the homogeneity of the protein. 
These fringe deviations were not zero, but it is probable that they were 
due to a small buffer gradient. On this assumption, the diffusion coefficient 
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of the protein was found to be Dos, = 3.7 X 1077 cm.’ see.-'. This may 
be compared with the measured value of (D,4)25,, = 4.03 X 1077 em.? see.~! 
obtained by use of the area-maximal height method of analyzing the re- 
fractive index gradient curve. The diffusion coefficient of the protein 
corrected to water, was therefore 3.76 X 107-7 sec’. 
Solubility—The protein solution in 2 M KCl at room temperature was 
pipetted into vials containing three small glass beads. A 2 mM KCI solution 
was added to bring the volume to 0.14 ml.; 0.86 ml. of 0.1 M potassium 


Fig. 2. Sedimentation velocity patterns. Sedimentation was in a cell 12 mm., 
59,780 r.p.m., at 25°, phosphate-KC1 buffer, pH 6.68, protein concentrations 6 mg. 
(A) and 4 mg. (B) per ml. 
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TOTAL PROTEIN CONCENTRATION ug/MI. 

Fig. 3. Solubility curve of the crystalline deaminase. Solvent: 0.127 m KCI, 
0.04 M potassium phosphate, and 2.06 M ammonium sulfate, pH 6.6, at 0°. 


phosphate (pH 6.6 at 3°) and 1.2 ml. of saturated ammonium sulfate solu- 
tion (0°) were added to each vial to make a total volume of 2.2 ml. at room 
temperature. Final concentrations were 0.127 m KCl, 0.04 mM potassium 
phosphate, and 2.06 mM ammonium sulfate at 0°. Individual vials were 
sealed with a polyethylene-lined cap and fixed into an ice water bath which 
was placed on a shaker. After 2 days of gentle shaking, the vials were 
simultaneously centrifuged at 19,000 X g for 5 minutes at 0°. The optical 
density of the clear supernatant fluid at 280 my was used as a measure of 
the soluble protein. The results are shown in Fig. 3. The protein, under 
the experimental conditions, satisfied the phase rule criterion of a single 
component with a unit slope up to the point of saturation, followed by a 
constant solubility. 
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Chromatography—The chromatographic study with use of gradient elution 
was carried out with an automatic fraction collector in the cold room at 
about 3°. 10 ml. of calcium phosphate gel suspension (20 mg. of dry weight 
per ml.) and 2.5 gm. of acid-washed Celite were mixed well, and the mix- 
ture was washed several times with water. 1 ml. of crystalline deaminase 
solution containing 4.5 mg. of protein was added to the gel-Celite mixture 
and mixed well. This mixture was quantitatively transferred to a1 X 20 
cm. glass chromatography tube. The column was connected to a mixing 
bottle containing 200 ml. of water, which was connected to a reservoir con- 
taining 1 m KsHPQ, solution for the gradient elution. ‘The effluent and 
eluate were collected in fractions of 2 ml. and the flow rate was 2.5 ml. per 
hour. The solvent in the reservoir was changed to 2 M K2HPO, when 80 
ml. of eluate were collected. The enzymatic activity in each eluate was 


0.3 T 1 1 1-300 
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Fic. 4. Gradient elution chromatography of the crystalline deaminase on al X 20 
em. column of calcium phosphate gel and Celite mixture with 1 m KesHPO, and then 
2m K2HPO,y. @, protein (optical density at 280 mu); O, enzymatic activity (units 
per 0.1 ml. of the eluate). 


measured according to the assay system described in Paper I (1). The 
activity of each eluate was not corrected to the activity which would be 
shown in the absence of phosphate in the reaction mixture. The optical 
density of the eluate at 280 my was used as a measure of the protein con- 
centration in the eluate. As nearly as could be estimated, the recovery of 
protein was complete. The single detectable protein component coincided 
with enzymatic activity (Fig. 4). 

Enzymatic Purity—The protein has been found to be free from the fol- 
lowing enzymes which exist in the crude actomyosin complex; adenosine 
diphosphate deaminase, myokinase, nucleotide triphosphatase, and ade- 
nosine triphosphate-creatine transphosphorylase. Furthermore, no nucleo- 
tide pyrophosphatase, nucleotidases, adenine, adenosine, cytosine, or gua- 
nosine deaminase activities were detectable. 


Physical and Chemical Properties 


Molecular Weight—The molecular weight was established by the sedi- 
mentation constant and diffusion coefficient. Assuming that 0.75 ml. per 
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gm. is the partial specific volume of this protein, a molecular weight (/s,p) 
of 3.2 XK 10° was obtained. 

Nitrogen Content—The enzyme solution was dialyzed against several 
changes of distilled water for 2 days. The resulting precipitate was at first 
dried ina desiccator under low pressure at 3° and then at 100° until con- 
stant weight was obtained. A weighed amount of protein was digested 
with concentrated H»SO, and H.Oe, and the ammonium nitrogen was de- 
termined by nesslerization (6). The protein was found to contain 16.5 per 
cent nitrogen (no correction to an ash-free basis). 

Ultraviolet Absorption—The ultraviolet absorption curve was obtained 
with a Cary recording spectrophotometer model No. 11. The enzyme 
displayed an atypical ultraviolet absorption spectrum for protein, with 


TABLE II 


Ultraviolet Absorption Behavior of 5'-Adenylic Acid Deaminase 


Maximal Optical | Optical _ Ratio, 
pH absorp- | density | density | Optical density 280 1 cm. 


Buffer | 
| tion at 260 mpat 280 mu optical density 260 | at 280 mu 
mu 
Glycine-KOH............. 9.3 | 275.5 | 0.791 | 0.844 1.07 16.1 
Potassium phosphate...... 8.0 | 276 0.762 | 0.85 1.12 16.2 
6.7 | 277.5 | 0.728 | 0.894 1.22 16.1 
6.4 | 275.5 | 0.765 | 0.85 1.11 16.2 
6.4 | 275.5 | 0.792 | 0.881 1.11 16.7 


* The protein solutions were dialyzed against the buffer with two changes of 
buffer solution for 3 days. 


a maximum at 275 to 276 mu. The extinction coefficient values and the 
ratio of extinctions at 280: 260 my, shown in Table II, indicate the probable 
occurrence of bound nucleic acid or nucleotide in its molecule. After di- 
alysis for 3 days at 23°, the ratio of extinctions at 280:260 my increased 
very slightly from 1.11 to 1.22 and the maximal absorption shifted from 
275.5 to 277.5 mu. 


SUMMARY 


Crystalline 5’-adenylic acid deaminase moves as a single peak in electro- 
phoresis, under a variety of conditions, in sedimentation and in chroma- 
tography. In a study of solubility, the protein satisfied the phase rule 
criterion for a single component. No other enzymatic activity was de- 
tected in the crystalline deaminase preparation. 

The isoelectric point is approximately at pH 5.6; the sedimentation 
constant is 12.29 & 10°" sec., the diffusion coefficient 3.76 & 1077 cm.” 
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sec.—', and the calculated molecular weight 3.2 X 10°. The protein con- 
tains 16.5 per cent of nitrogen. 

The ultraviolet absorption curve, the extinction coefficient, and the ratio 
of extinctions at 280:260 mu were determined. 


The author wishes to thank Dr. H. A. Lardy for his interest in this work 
and also Dr. Louis J. Gosting for the measurement of the diffusion coeffi- 
cient and Dr. Robert L. Baldwin for his help in operating the ultracentri- 
fuge and in reviewing the data. 
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5’-ADENYLIC ACID DEAMINASE 
III. PROPERTIES AND KINETIC STUDIES* 


By YA-PIN LEE 


(From the Institute for Enzyme Research, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, March 11, 1957) 


The properties and kinetic behavior of 5’-adenylic acid deaminase have 
been studied previously by use of partially purified enzyme preparations. 
Schmidt (1) first found this enzyme in muscle extract and established that 
it catalyzed the following reaction! with a very sharp optimal pH. 


AMP — NH; + IMP 


Kalckar (2) used a partially purified enzyme preparation to investigate the 
stability and solubility of the enzyme and confirmed Schmidt’s finding (1) 
that the enzyme had a very sharp optimal activity at pH 5.9. Aes and 
Hermann (3) and Humphrey and Webster (4) reported that deaminase ac- 
tivity in myosin preparations was accelerated in the presence of CaCl. or 
MgCl. Some properties of the deaminase, isolated from myosin by ther- 
mal treatment, were studied by Engelhardt et al. (5) and Lyubimova and 
Matlina (6). Certain properties of the highly purified deaminase, par- 
ticularly with respect to its interaction with stimulatory and inhibitory 
anions, were reported by Nikiforuk and Colowick (7). 

In the present paper, some properties of the crystalline enzyme (8, 9) 
and the kinetics of the reaction it catalyzes are described. 


Methods 


The determinations of ammonium nitrogen, inorganic phosphate, and 
protein were described in Paper IT (9) of this series. 

For all work described in the present paper, solutions of the crystalline 
euzyme prepared by the method described in Paper I (8) were used. The 
assay system was that of Kalckar (2) and is described in Paper I (8). In 
this paper, all data reported are in terms of the initial velocity made by cal- 
culating the slope of the line down tangent to the reaction curve at zero 
time. 

* This investigation was supported by a grant (No. G-1809) from the National 
Science Foundation and by the Life Insurance Medical Researeh Fund. 

' The abbreviations used are 5’-adenylie acid, AMP; inosinic acid, IMP; adenosine 
diphosphate, ADP; adenosine triphosphate, ATP; tris(hydroxymethyl)aminometh- 
ane, Tris; ethylenediaminetetraacetate, Versene; diphosphopyridine nucleotide, 
DPN; triphosphopyridine nucleotide, TPN. 

999 


rk 


1000 5’-ADENYLIC ACID DEAMINASE. III 


Results 


Stability of Enzyme—Enzyme solutions containing 20 y of protein per 
mil. in 0.3 m buffer were kept at 3° for 7 days. The enzymatic activity re- 
maining was then measured at pH 6.4, which will be shown later to be 
optimal. The enzymatic activity was quite stable on storage at pH 68 
and slightly more stable in more alkaline solutions than in acid (Fig. 1), 
When a solution of crystalline deaminase containing 20 y of protein per 
ml. was kept at 3° in 0.3 m succinate buffer, pH 6.8, it was found to be 
remarkably stable. Despite the low protein concentration, only about 50 
per cent of the initial activity was lost in 25 days. A partially purified 
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Fig. 1. Effect of pH on the stability of deaminase. 20 y of protein per ml. in 0.3 
of buffer solution were kept at 3° for 7 days. @, succinate; O, Tris; ©, glycine; and 
®, carbonate-bicarbonate buffer. 

Fic. 2. Arrhenius plots for the temperature activation of the deaminase. 7' = 
absolute temperature. 


enzyme preparation having a specific activity of about 2000 units was 
equally stable. 

A solution (1 mg. per ml.) of the enzyme, dialyzed for 3 days at 25° 
against 0.01 M potassium phosphate-0.15 m KCl (pH 6.7), lost. about 30 
per cent of its activity. Repeated freezing and thawing (three times 
during 2 hours) of a solution containing 0.8 mg. of protein per ml. of 0.5 M 
KC] (pH 6.75) produced almost no loss of activity. A similar solution 
which was frozen and kept at —10° for 1 month lost about 30 per cent of 
its total activity. 

The enzyme which was precipitated by dialysis against water was dried 
in a desiccator over CaCl, and NaOH under low pressure at 0° and was 
stored | month at —10°. The dried powder was dissolved in 0.5 m KC! 
solution and the activity measured; about 90 per cent of the original 
activity was recovered. 

When aliquots of the enzyme solution (60 y of protein per ml. of 0.5 M 
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KCl, pH 6.8) were heated for 5 minutes at various temperatures and 
residual activity was measured at 30°, the energy of inactivation, calcu- 
lated from the Arrhenius equation, was found to be approximately 96,000 
calories per mole. 

Effect of Temperature on Reaction Velocity—-YThe apparent energy of 
activation of the deaminase was determined by a plot of the Arrhenius 
equation (Fig. 2) and found to be approximately 10,500 calories. In these 
experiments all the assays were started by the addition of enzyme solution 
with a polyethylene spoon after preincubation at the desired temperature 
for 10 minutes. At the end of the incubation periods (30 and 60 seconds) 
the reaction was stopped with perchloric acid and the amount of adenylic 
acid which had disappeared was determined. Duplicate samples were 
run throughout the entire temperature range studied. 

Effect of pH on Enzyme Activity—A sharp optimum for adenylic acid 
deaminase at pH 5.9 (1, 2, 7), 6.1 (3), or 6.2 (6) was reported with partially 
purified enzyme preparations. However, a rather broad pH optimum, 
around 6.0 (10) or around 7 (11), has also been reported. Furthermore, 
Nikiforuk and Colowick (7) demonstrated that the optimal pH of de- 
aminase shifted from 5.9 to 6.4 when citrate buffer was used instead of 
succinate buffer. We found a relatively sharp optimal activity at pH 6.0 
(30°) in 0.1 M succinate buffer with the enzyme solution prepared accord- 
ing to Kalckar’s preparation A (2). When purified to specific activity 2000 
(the second low salt-insoluble fraction) by the procedure described in 
Paper I (8), the enzyme showed a broad pH optimum with a maximal 
activity at 6.3 to 6.6 in 0.1 mM succinate buffer (12). However, the crys- 
talline preparation exhibits a sharp peak at pH 6.4 in 0.1 M succinate 
buffer (Fig. 3). The optimum shifted to pH 6.1 when citrate was used as 
a buffer. Several other buffers were used for determining the activity of 
the deaminase as a function of pH (Fig. 3). Nikiforuk and Colowick (7) 
found that the fluoride inhibition of the adenylic acid deaminase prepara- 
tion was influenced by varying the pH. This phenomenon was confirmed 
with the crystalline deaminase preparation (lig. 3). 

Effect of Enzyme Concentration on Reaction Velocity—Under the condi- 
tions described for the usual assay system (8), the reaction was first order 
with respect to AMP, namely log a/a — x versus t was linear as shown in 
lig. 4, where a is the initial concentration of AMP and z is the amount 
disappearing in time ¢. Under the experimental conditions, the velocity 
constant k was 6.67 * 10-? sec.-! with 50 units of enzyme. ‘The effect of 
enzyme concentration on reaction velocity is shown in Fig. 5. The initial 
velocity was directly proportional to the enzyme concentration. Fluoride 
was found to inhibit more strongly at low enzyme concentrations (Tig. 5), 
which will be discussed later. 

Effect of Substrate Concentration on Enzyme Activity-—The initial reaction 
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rates for the deamination of AMP with increasing substrate concentration 
were measured in succinate buffer, pH 6.4, at 30°. The Michaelis-Menten 
constant (K,,) was calculated according to Lineweaver and Burk (13) to 
be 1.4; 10-° (Fig. 6). 

Under the conditions of the assay system (8), the turnover number was 
18,300 moles per mole of protein per minute. The turnover number under 
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hic. 3. Kffect of pH on activity and fluoride inhibition. 4.5 10°° mM AMP, 0.1 M 
buffer, 20 units of enzyme, 1 X 10°? fluoride, final total volume 3.0 ml. ©, suecinate 
buffer without fluoride; A, succinate buffer with fluoride; @, citrate buffer without 
fluoride; A, citrate buffer with fluoride; ©, Tris buffer without fluoride; @, glycine 
buffer without fluoride; A, carbonate-bicarbonate buffer without fluoride. 

Fig. 4. Plots of log a/a — zversus time. 4.5 AMP,0.1 Msuecinate buffer, 
pH 6.4, 50 units of the enzyme at 30°. 


optimal conditions was calculated to be 598,000 moles per mole of protein 
per minute, according to the following equation, 
K, +S 


Stoichiometry of Reaction and Lquilibrium—These studies were carried 
out at 0° and 30° in 0.1 mM succinate buffer, pH 6.4, for 10 hours. Within 
experimental error, for every 1.0 mole of AMP reacting, 1.0 mole of IMP 
and 1 mole of NH; were formed with or without the presence of IMP or 
NH; in the reaction mixture at 0° and 30° (Table I). When IMP and 
NH; were incubated with the deaminase, we could not detect the forma- 
tion of AMP by either spectrophotometric or paper chromatographic? pro- 


>The descending single dimensional paper chromatographic experiments were 
carried out at 25° + 2° with Whatman No. 1 filter paper, which was washed with 
0.001 Mm Versene solution and then with water, in a closed container having the sol- 
vent (isobutyric acid-concentrated NH,OH-H.O = 66:1:33, pH 3.7) in a glass 
dish. 
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cedures. 
buffer, pH 6.0, 0.1 m cacodylate buffer, pH 7.0, 0.1 m Tris buffer, pH 7.8, 
and 0.1 m glycine buffer, pH 9.0. The initial reaction velocity was also 
not influenced by the presence of IMP (8 & 10-5 Mm) or NH; (2 X 107? Mo). 


The same negative results were obtained in 0.1 m succinate 
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Fig. 5. Effect of enzyme concentration on the reaction velocity and effect of fluo- 
ride on the reaction velocity at various concentrations of enzyme. 4.5 K 10-' m 
AMP, 0.1 m succinate buffer, pH 6.4, 30°. O, no fluoride; @, 0.005 m; ©, 0.01 m fluo- 
ride in the reaction mixture. 

Fia. 6. Effect of substrate concentration on initial reaction velocity. 0.1 mM suc- 
cinate buffer, pH 6.4, 18 units of the enzyme, 30°, initial velocity (V) expressed as 
micromoles per ml. per 30 seconds, substrate concentration (S) expressed as micro- 
moles per ml. : 
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TABLE 
Study of Stoichiometry and Equilibrium of Reaction 


’ Initial concentration Final concentration Difference 


NHs 


IMP 


pmoles 


OO 


pmoles 


1.3 
1.31 
1.32 
1.33 
1.31 
0 


The experiments were carried out at 0° and 30° in the succinate buffer, pH 6.4, for 
10 hours. 


Substrate Specificity—Crystalline deaminase did not remove the amino 
group from adenine, 2,6-diaminopurine, adenosine, 2’-adenylic acid, 3’- 
adenylic acid, ADP, ATP, DPN, or TPN when treated in ‘0.1 M succinate 
buffer, pH 6.4, 0.1 m succinate, pH 5.6, 0.1 mM Tris buffer, pH 7.4, or 0.1 M 
glycine buffer, pH 9.0. These results, obtained by determining the op- 
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tical density change at 265 my, were confirmed by colorimetry with Ness- 
ler’s reagent. 

5’-Deoxyadenylic acid was slowly deaminated by the crystalline enzyme, 
and the reaction proceeded to complete deamination. The initial velocity 
(first 30 seconds) was about 1 per cent of that with 5’-adenylic acid as 
substrate. 

Nucleotide Requirement and Effect of Pyrimidine, Purine Derivatives, and 
Amino Acids on Enzyme Activity—Because the enzyme absorbs light rela- 
tively strongly at 260 my (9), the possibility that it might possess some 
bound nucleotide as an essential factor or as a contaminant was studied. 
The filtrate of perchloric acid-treated enzyme solution was neutralized 
with KOH to pH 6.5 at 0°. After the elimination of solid material by 
filtration, the absorption curve of the clear filtrate was measured with a 
Cary recording spectrophotometer. It had maximal absorption at 265 
my. The clear filtrate of the first low salt-insoluble fraction, which had 
been treated in boiling water for 2 minutes, had a maximal peak at 265 
my but had no effect on the enzymatic activity. 

Prolonged dialysis of the enzyme did not affect the relative absorption 
at 280 and 260 muy, as was shown in Paper II (9). The specific activity 
was tested after prolonged dialysis against 0.5 m KCl solution at 3°, but 
no significant change was observed. ‘Two agents which are known to bind 
nucleic acids and nucleotides were found to inhibit the enzyme. Pro- 
tamine sulfate (1 mg. per 1 ml. of the reaction mixture) and Mn++ (2 X 
10-? m) inhibited 9 and 43 per cent, respectively. 

One procedure has resulted in a preparation of enzyme with a higher 
ratio of absorbance at 280:260. A preparation (280:260 = 1.22), kept at 
— 10° for 1 week, was thawed and filtered through Whatman No. 1 filter 
paper. The ratio of absorbance at 280 and 260 my increased to 1.6, the 
specific activity of the preparation increased slightly, and the E}%m, at 280 
my in succinate buffer, pH 6.4, decreased from 16.3 to 15.3. This result 
indicates that the bound material, which absorbs strongly at 260, is not 
essential for the activity of adenylic deaminase. The effect of pyrimidine 
and purine derivatives having an amino group, and of certain amino 
acids on deaminase activity, was studied to determine whether they might 
influence the enzymatic activity. The following substances had no sig- 
nificant effect on the rate of deamination of 5’-adenylic acid: adenine 
(4.5 10-5 m), 2,6-diaminopurine (2 10-* m), adenosine (5 10-5 M), 
2’-adenylic acid (2 10-5 m), cytidine-5’-phosphoric acid (2 10-5 M), 
guanosine-5’-phosphoric acid (2 10-5 m), ADP (4.x 10-5 m), ATP 
(1 X 10-4 m), histidine (2 X 10-? Mm), lysine (5 & 10-* and creatine 
(5 X 10-* om). 

Effect of Anions on Deaminase Activity—Nikiforuk and Colowick (7) 
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reported that the anions chloride, citrate, and acetate stimulated highly 
purified adenylic deaminase whereas orthophosphate, pyrophosphate, and 
fluoride had a strongly inhibitory effect. We confirm the inhibitory effect 
of these three (Fig. 7) but other anions, e.g. Cl-, Br~, I-, NO; , SO,, 
CH;COO-, and citrate, had no effect or were very slightly inhibitory on 
crystalline enzyme assayed in 0.1 m succinate buffer, pH 6.4. Even though 
there was strong inhibition of the reaction velocity by orthophosphate, 
pyrophosphate, and fluoride, the substrate in the reaction mixture was 
completely deaminated. Orthophosphate and pyrophosphate inhibit com- 
petitively, fluoride inhibits non-competitively (Fig. 7). The anomalous 
behavior of fluoride, with respect to substrate concentration reported by 


20 


20 30 40 50 
Fic. 7. Effect of substrate concentration on inhibitory action of fluoride and 
phosphate. 0.1 mM succinate buffer, 18 units of the enzyme, 30°, initial velocity (V) 
expressed as micromoles per ml. per 30 seconds, substrate concentration (S) ex- 
pressed as micromoles per ml. ©, no inhibitor; @, 1.33 K 10-3 m phosphate; O, 
4X 10-3 m fluoride. 
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Nikiforuk and Colowick (7), was not observed with the crystalline enzyme 
preparation. 

Effect of Heavy Metals and Metal Requirement—The enzymatic activity 
was strongly inhibited by small amounts of zinc ion (23 per cent at 1 X 
10-5 m, 100 per cent inhibition at 1 X 10-* m) but this inhibitory effect was 
not observed in the presence of an equivalent amount or an excess of 
Versene or cysteine. Cut*, Fet*+, and Agt also were strongly inhibitory. 
Small amounts of Mg** or Ca** (less than 1 X 10-? m) had no significant 
effect on the deaminase activity, but Mgt* at 2 X 10°? m and Ca* at 
2 X 10-* m inhibited 13.5 per cent and 11.2 per cent, respectively. Cd** 
and Nit* were slightly inhibitory and Bat* and Cot had no significant 
effect. These inhibitions could also be completely reversed by an equiva- 
lent or excess amount of Versene or histidine but not by methylhistidine 
or 2’-adenylic acid. As Nikiforuk and Colowick (7) had mentioned, no 
evidence of metal requirement was demonstrated by treatment of the en- 
zyme with cyanide, Versene, or cysteine. 

Effect of Sulfhydryl Group Binding Agents, Reducing Agents, and Ozi- 
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dants—When p-mercuribenzene sulfonic acid was present in the reaction 
mixture at 2 X 10-‘m and the reaction was started by addition of enzyme, 
there was almost complete inhibition. Quite unexpectedly, preincubation 
of this inhibitor (6.6 X 10-5 m) with the enzyme in succinate buffer, pH 
6.4, followed by addition of this mixture to the adenylic solution, resulted 
in less inhibition. In agreement with Nikiforuk and Colowick (7), iodo- 
acetate (at 2.66 X 10-* m) had no inhibitory effect even though enzyme 
solution and iodoacetate were preincubated for 15 minutes. Several 
reducing agents such as cysteine (1 X 10-* m), sodium hydrosulfite (8 x 
10-4 m), ascorbic acid (6.6 X 10-5 m), and hydroquinone (2 X 107? m) had 
no effect. H2sO2 (9 10-* M) and potassium ferricyanide (1.33 m) 
also did not influence the enzyme activity. 

Mechanism of Fluoride Inhibition—Data concerning the inhibition of 
adenylic deaminase by fluoride are presented in Figs. 3, 5, and 7. As 
Nikiforuk and Colowick (7) mentioned, fluoride appears to inhibit the 
deaminase by a mechanism different from that proposed (14, 15) for its 
effect on phosphate-transferring enzymes. ‘The inhibition is dependent 
upon pH ((7) and Fig. 3), is not competitive (Fig. 7), and was not influ- 
enced by the presence of 2’-adenylic acid, adenosine, or adenine. Inhibi- 
tion curves, like those in Fig. 5, are usually interpreted as indicating strong 
binding of inhibitor by the enzyme (16). This interpretation cannot be 
applied in the present case, as the molar concentration of fluoride is 10° 
greater than that of enzyme. This indicates that the actual inhibitor is 
not fluoride but a trace contaminant. The possibility that this contam- 
inant is a heavy metal is lessened by the finding that the apparent in- 
hibition by fluoride is not influenced by 10-? m CN-, 10~ M Versene, or 
1.3 X 10- histidine. The nature of the inhibition, therefore, remains 
obscure. 


DISCUSSION 


Discrepancies between the crystalline deaminase and the preparations 
used by other workers (3, 4, 7) in respect to pH optimum and sensitivity to 
heavy metals or to anions probably result from the presence of variable 
amounts of contaminating proteins. 

Presently available chromatographic methods do not separate AMP 
from deoxyadenylic acid (17). The striking difference in rate of deamina- 
tion of these two compounds could provide a means of obtaining deoxy- 
adenylic acid from a mixture of the two (18). 

The detailed mode of action of this deaminase, the mechanism of fluoride 
inhibition, and the role of the deaminase in muscle physiology remain 
interesting problems for future work. 


The author wishes to thank Dr. H. A. Lardy for his interest in this work. 
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SUMMARY 


1. The stability of 5’-adenylic acid deaminase under various conditions 
was studied. 

2. The apparent energy of activation of the deaminase activity was 
found to be approximately 10,500 calories. 

3. Sharp optimal activity for deaminase at pH 6.4 in succinate buffer 
was established. 

4. The Michaelis-Menten constant was calculated to be 1.43 K 107’ at 
pH 6.4 and 30°. 

5. The turnover number was 18,300 moles of substrate per mole of 
enzyme per minute at a substrate concentration of 4.5 X 10~° M in suc- 
cinate buffer, pH 6.4, at 30°. The calculated turnover at saturating sub- 
strate concentration is 598,000 moles per mole of enzyme per minute. 

6. The stoichiometry, equilibrium, and substrate specificity were studied. 

7. Effects of purine, pyrimidine derivatives, amino acids, anions, heavy 


| metals, sulfhydryl binding agents, reducing agents, and oxidants are re- 


ported. 
8. The mechanism of fluoride inhibition was discussed. 
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THE TRANSPORT OF FATTY ACIDS IN THE BLOOD* 
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Although considerable knowledge is available concerning the quanti- 
tative relationships of the blood lipides in the postabsorptive state, there 
is little information on the method of transport of newly ingested fatty 
acids. Available evidence would indicate that these fatty acids, arising 
from the lymph after absorption from the intestine, do not interchange 
readily with the lipides already present and may be handled in a different 
manner both qualitatively and quantitatively (1). 

Development of a method of cannulation of the lymph ducts in the rat 
has led to elucidation of the means of transport of fatty acids in the lymph 
(2, 3). Borgstrém and his collaborators (4-6) and Blomstrand (7) have 
demonstrated with this technique that, regardless of the type of fatty acid 
fed, 85 to 95 per cent appears in the lymph as triglyceride. The fractions 
appearing as phospholipide on the other hand, although low, may vary 
widely, depending upon the kind of fatty acid involved. Thus it was 
shown that the percentage of fatty acid transported as phospholipide var- 
ied from about 2 per cent for oleic acid to 11 per cent for stearic acid with 
linoleic, palmitic, and the shorter chain acids having intermediate values. 

Nevertheless, these differences in the lymph transport as phospholipide 
may have little to do with the distribution of fatty acids in the various 
blood lipides. Fishler et al. (8) have demonstrated that the phospholipides 
of the plasma are formed, for the most part, in theliver. Bergstrém, Borg- 
strém, and Rottenberg (1) and Borgstrém and Laurell (9) have obtained 
evidence that the plasma lipides and lipoproteins in the postabsorptive 
state are not derived directly from the lymph lipoproteins but probably 
originate in the liver. 

Despite this wealth of information on lymphatic transport, the trans- 
port of fatty acids in the blood has not been well documented because of 
certain obvious difficulties. First, until recently it has not been possible 
to study the fatty acids differing in degree of unsaturation, but a method 
has been developed in this Laboratory of carboxyl labeling of fatty acids 
containing one or more centers of unsaturation (10-12). Second, there 


* This paper is based on work performed under contract No. AT-04-1-GEN-12 
between the Atomic Energy Commission and the University of California at Los 
Angeles. 


1009 


1010 TRANSPORT OF FATTY ACIDS IN BLOOD 


are certain difficulties in interpretation of the results. Interconversion of : 
the fatty acids is a major problem which cannot be avoided in in vivo stud- ' 
ies. However, it can be shown that the equilibration of the carboxy] labels 
of stearic, oleic, and linoleic acids is not complete even at 24 hours, and it | 
is true that the label from stearic and oleic acids will not contribute to 
linoleic acid even though the reverse takes place (13). It was thought, 
therefore, that valuable information could be gained from a study of the 
transport in the blood of three representative fatty acids, stearic, oleic, 
and linoleic, and at the same time that information might be obtained | 
which would give a mechanistic basis to the sparing of essential fatty acids, | 
especially in fat-deficient animals. This latter hope, however, was not ) 
to be realized when it was found in a separate study (13) that the essential : 
fatty acids are not spared after ingestion, but may, indeed, be even more 
readily oxidized by the fat-deficient animal than by one on a complete diet. 

In connection with these studies, an attempt was also made to investigate 
the distribution of the fatty acids among the lipides of the erythrocytes 
and its relationship with that in the plasma. The interesting observation 
of Evans, Waldron, Oleksyshyn, and Riemenschneider (14) that linoleic 
acid is present largely in the plasma, while the larger part of the higher 
polyunsaturated fatty acids is contained in the cells, indicates a lack of 
equilibration in these cases. This was confirmed in the present studies. 

During the course of this work, it became evident that some of the fatty 
acids were appearing in the form of mono- and diglycerides. Conse- 
quently, methods for the separation and identification of these substances 
were developed, and the transport of fatty acids in these forms was also 
investigated. 


EXPERIMENTAL 


Materials and M ethods—Carboxyl-labeled methyl] stearate, methyl] oleate 
(12), and methy! linoleate (10, 11) were prepared by Dr. J. C. Nevenzel and 
Dr. D. R. Howton of this Laboratory. All solvents were of analytical 
grade when purchased and were redistilled before use. Mono- and di- 
palmitin! were purified by chromatography on silicic acid columns as de- 
scribed below. 

Treatment of Animals—Doses of the appropriate methyl ester diluted 
with corn oil to a total activity of 5 X 10‘to 5 X 10° ¢.p.s.,? depending on 
the amount of activity considered necessary for adequate counting at the 


1 Monopalmitin was obtained from the Armour Laboratories. We are grateful to 
Dr. F. W. Mattson of the Procter and Gamble Company for a gift of dipalmitin. 

2 The specific activity of the original oleic, linoleic, and stearic esters were 63,270, 
72,418, and 51,600 disintegrations per second per mg., respectively; the specific ac- 
tivity of the diluted oleic, linoleic, and stearic esters fed were 14,809, 8,751, and 7,142 
disintegrations per second per mg. 
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time involved, were administered orally to male Wistar rats. The animals 
were bled under ether anesthesia at 0.5, 1, 2, 4, and 24 hours after admin- 
istration, and the heparinized blood was separated by centrifugation into 
plasma and erythrocyte’ fractions, each of which was extracted as described 
previously (15) to obtain the total lipide. : 

Separation of Lipides—The chromatographic separation of the lipide 
fractions was carried out by use of silicic acid columns with the modified 
method described by Mead and Fillerup (16), with the exceptions noted 
below. Recoveries from the chromatograms varied from 97 to 99 per cent. 
Further purification of the sterol fraction was accomplished in some ex- 
periments by recrystallization or by rechromatography. Lipide fractions 
were weighed, plated, and counted‘ as previously described (13). 


Results 
Transport of Fatty Acids in Major Lipide Fractions 


Data on the weights and activities of the lipide fractions from the plasma 
of rats fed carboxy-labeled stearate, oleate, and linoleate are presented in 
Tables I to V. In most cases, it was noted that the cholesterol fraction 
contained more activity than would have been expected from its biosyn- 
thesis from acetate derived by degradation of the active acids. Crystal- 
lization of a combined sample from several chromatograms confirmed the 
suspicion that a small amount of an active substance was responsible for 
the activity (Table VI). Chromatography of a similar sterol sample re- 
vealed that this small amount of material followed immediately after the 
main sterol fraction and had an activity approximating that of triglyceride 
(Fig. 1). The separation and identification of this substance were then 
undertaken and are reported below. It is recognized, however, that the 
data presented in Tables I to VII are incorrect to the extent that this sub- 
stance (labeled ““Unknown’’) contributes activity to the sterol and phos- 
pholipide fractions. 

A summary of these results is presented in Fig. 2. It is evident from 
these data that the distribution of activity of the plasma lipides is initially 
similar after stearate and oleate ingestion. At 0.5 hour, 80 to 90 per cent 
of the activity is in the triglyceride fraction. This proportion decreases 
during the next few hours until at 24 hours it accounts for only 6 per cent 
in the case of stearate and 33 per cent for oleate. With stearate, the activ- 
ity of phospholipide is seen to increase proportionally. Sterol ester also 


3 The buffy layer was carefully removed and discarded. 

4 Counting was performed with either a Nuclear Instrument and Chemical Cor- 
poration Q gas counter or a thin window (D47) gas flow counter. All counts are 
reported as based on the D47 counter. 
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contributes an increasing a of activity with time, whereas activity 
in the sterol fraction (see above) remains fairly constant. 

A different picture is seen in the distribution of activity after linoleate 
ingestion. Phospholipide contains the major amount of activity at the 
earliest measurement and does not vary greatly throughout the experi- 
mental period. In this case, too, the activity of the sterol ester again in- 


TABLE I 
Activity of Plasma Lipide Fractions 0.5 Hour after Ingestion of Esters 
| Stearate Oleate Linoleate 
Fraction 
Specific | Total (Percent Specific | Total Per cent Specific | Total |Per cent 
activity activity of total lactivity activity of total activity activity of total 
Total lipide......... 0.4 17 4.6 | 342 
Sterol ester....... 0.3 3 2.3} 0.1 1 5.6 0.5 9 2.3 
Triglyceride....... 12.1 111 | 85.2. 1.4 12 66.7 6.2 97 | 25.3 
1.0 3 2.3 0.5 11.1 | 15.4] 98 | 25.5 
Phospholipide.... . 0.8 13 | 10.2 0.2 3 !16.6 5.2} 180 | 46.9 
Total lipide......... 1.1 41 3.1 | 158 
Sterol ester....... 0.02 0.1; 1.1) 0.1 1 2.9; 1.8 26 | 17.8 
Triglyceride....... 0.5 5 52.6 3.9 27 | 77.1 | 2.4 26 | 17.8 
0.2 1 0.5 3 5.7 | 3.5 22 | 15.1 
Phospholipide..... 0 0 0 0.3 5 14.3, 3.5 72 | 49.3 
Unknown......... 0.3 4 36.6 | 
Total lipide......... 5.2 | 180 
Sterol ester....... 0.3 7 6.2 0.3 2 1.0 
Triglyceride....... 3.6 59 53.3 | 25.3 | 187 | 91.7 
| eee 1.4 8 6.8 3.3 11 5.4 
Phospholipide..... 1.3 19 16.8 0.3 4 2.0 
Unknown......... 2.2 19 17.0 
Total lipide......... 5.3 | 155 
Sterol ester....... 0.7 7 | 4.6 
Triglyceride....... 18.1 | 126 | 82.4 
Phospholipide..... 0.5 5 | 3.3 


creases at the expense of triglyceride. The sterol itself appears to be very 
active, and possibly some of this activity is associated with the sterol 
itself (13). 

In Table VII are presented typical data on the activities and weights of 
lipide fractions from the erythrocytes. These appear to show little direct 
relationship to the comparable plasma fractions and little can be said re- 
garding them beyond calling attention first to the extreme variability of 
the activity of the lipide fractions ranging from zero to activities compara- 
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ble to those in the plasma. It is evident that fatty acids of the plasma 
quickly appear in the erythrocytes, but there is little evidence from these 
experiments that a rapid equilibration takes place. 


TABLE II 
Activity of Plasma Lipide Fractions 1 Hour after Ingestion of Esters 
Stearate Oleate Linoleate 
Fraction 
Specific Total |Percent|Specific| Total Per cent)Specific | Total |Per cent 
activity activity |of total |activity| activity of total |activity jactivity jof total 
Total lipide......... 8.6 | 571 5.4 | 291 
Sterol ester....... 0.7 14 2.3 | 1.0 10 2.41 2.1 29 8.9 
Triglyceride....... 27.5 | 514 | 83.0 | 51.1 373 | 88.8 | 13.1 | 182 | 40.4 
10.4 33 5.3 | 8.8 29 6.9 8.7 54 | 16.5 
Phospholipide..... 2.3 58 9.4; 0.6 8 1.9 | 4.7 | 112 | 34.3 
Total lipide......... 12.8 452 5.0 | 301 
Sterol ester....... 2.3 21 4.1}; 0.7 7 1.4) 1.1 16 4.1 
Triglyceride....... 39.9 | 419 | 84.2 | 44.6 357 | 74.9 | 12.9 | 179 | 45.7 
4.0 1.8} 6.8 30 6.2 | 10.9 74 | 18.9 
Phospholipide..... 4.0 49 9.9 | 7.2 89 | 18.4 | 4.9 | 123 | 31.3 
Total lipide......... 18.1 955 
Sterol ester....... 2.3 38 3.9 
Triglyceride....... 74.1 823 | 85.6 
10.6 74 7.7 
Phospholipide..... 1.4 27 2.8 
Total lipide......... 29.8 | 1963 
Sterol ester....... 6.1 111 5.8 
Triglyceride....... 90.5 | 1710 | 88.8 
15.0 75 3.9 
Phospholipide..... 1.2 29 1.5 
Total lipide......... 
Sterol ester....... 0.1 1.8 | 11.9 
Triglyceride....... 0.3 2.5 | 17.6 
0.3 0.6 | 4.0 
Phospholipide..... 0.3 3.1 | 22.2 
Unknown......... 1.8 6.2 | 44.3 


Transport of Fatty Acids As Partial Glycerides 


Separation of Mono- and Diglycerides—In separate experiments, it was 
first determined that chromatographically pure cholesterol could be eluted 
quantitatively from the column with 30 column volumes of 10 per cent 
diethyl] ether in petroleum ether (b.p. 60-70°). This solvent eluted no 
dipalmitin, but the substance could be completely recovered with less than 
20 column volumes of 25 per cent diethyl ether in petroleum ether. An 
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artificial mixture of the two substances was separated quantitatively by 
use of these conditions. 

In preliminary experiments with an active cholesterol fraction obtained 
from rats which had been fed labeled methyl] oleate, it was found that not 


TaBLeE III 
Activity of Plasma Lipide Fractions 2 Hours after Ingestion of Esters 
Stearate Oleate Linoleate 
Fraction 
Specific | Total |Per cent} Specific | Total |Per cent} Specific | Total |Per cent 
activity jactivity of total | activity activity |of total | activity jactivity jof total 

Total lipide........ 2.71 | 223 | 8.0 
Sterol ester...... 3.04 85 | 5.9 3.8] 0.68 17 | 32.0 
Triglyceride...... 47.86 | 1130 | 77.8 | 42.35) 665 | 87.5 | 2.82 68 5.0 
2.70 27 | 1.9 8.08| 44) 5.8] 2.30 11 | 55.0 
Phospholipide....| 7.28 | 210 | 14.5 1.444 22] 2.9] 4.22! 117 

Total lipide........ 13.28 | 1329 21.36) 1145 10.93 | 768 
Sterol ester...... 6.38 | 146) 9.9 2.68) 39] 4.2] 3.27 50 6.1 
Triglyceride.....| 30.11 | 891 | 60.4 | 51.35) 817 | 88.3 | 19.94 | 299 | 36.3 
Sterol............ 1.84 17 | 1.2 7.12) 39 4.2 | 21.94 138 | 16.8 
Phospholipide....| 11.00 | 422 | 28.6 1.67; 30] 3.2] 9.98 | 336 | 40.7 

Total lipide........ 21.33) 573 7.45 | 909 
Sterol ester...... 3.52} 31] 6.9 6.24] 102 | 10.2 
Triglyceride..... 54.84) 351 | 78.8 | 31.46 | 302 | 30.1 
12.60} 59 | 13.2 | 31.61 | 202 | 20.2 
Phospholipide.... 0.86 7 | 1.6 | 20.01 | 396 | 39.5 

Total lipide........ 22.84! 788 
Sterol ester...... 1.35} 10; 1.3 
Triglyceride...... 7.09} 592 | 77.6 
24.02) 123 | 16.1 
Phospholipide. .. . 2.51; 38 | 

Total lipide........ 

Sterol ester...... 11.1 125)! 3.6 
Triglyceride...... 330.6 | 3240 | 93.1 
aes 11.0 30 | 0.9 
Phospholipide.... 2.5 64 1.8 
Unknown........ 2.8 22) 0.6 


all the radioactivity was eluted by the above solvents. Consequently, 
methods for separation of monoglyceride were explored since this substance 
was also suspected of containing activity. Neither 25 nor 50 per cent 
ether in petroleum ether eluted monopalmitin, but undiluted ether removed 
it rapidly and completely from the column. Fig. 3 illustrates the com- 
pleteness of the separation of cholesterol, dipalmitin, and monopalmitin. 
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Fractionation of Active Lipide—A combined cholesterol-phospholipide 
fraction, obtained from plasma of rats which had been fed active methyl 
oleate, was rechromatographed. The cholesterol (9.2 mg., 23.3 per cent 
of the total) had an activity of 0.14 c.p.s. per mg., contributing 10 per cent 
of the total activity of the fraction, the diglyceride fraction (3.1 mg., 7.9 
per cent of the total) had an activity of 1.62 c.p.s. per mg., contributing 25 


TABLE IV 
Activity of Plasma Lipide Fractions 4 Hours after Ingestion of Esters 
Stearate Oleate Linoleate 
Fraction 
Specific} Total |Per cent) Specific} Total |Per cent! Specific} Total |Per cent 
activity |activity| of totallactivity activity |of total activity|activity total 
Total lipide........... 7.0 | 674 2.2 | 134 9.2 | 448 
Sterol ester......... 1.8 53 | 10.6} 0.9 13 7.4 | 7.6} 114 | 31.1 
Triglyceride......... 10.5 | 248 | 49.5 | 10.5 | 119 | 67.6 5.2 62 | 16.9 
1.4 13 2.6; 1.8 14 8.0 | 15.1 56 | 15.3 
Phospholipide....... 5.4 | 187 | 37.3 | 1.2 30 | 17.0| 7.4} 154 | 36.6 
Total lipide........... 15.4 | 865 6.3 | 308 2.2 76 
Sterol ester......... 3.1 54 8.5) 1.3 17 5.8 | 2.8 32 | 27.6 
Triglyceride......... 20.3 | 312 | 49.1 | 21.5 258 | 88.4); 1.9 13 | 11.2 
9.5 30 | 4.7| 2.5 16 5.5 | 4.0 21 | 18.1 
Phospholipide....... 12.0 | 239 | 37.6 | 0.1 1 0.3 | 4.1 50 | 43.1 
Total lipide........... 9.7 | 498 
Sterol ester......... 4.3 56 5.2 | 0.4 16 4.8 |} 11.0} 178 | 42.9 
Triglyceride......... 23.0 | 288 | 27.0| 7.0, 242 | 70.8) 3.2! 30] 7.2 
6.8 25 2.3 |} 1.0 13 3.8 | 4.0 21 5.1 
Phospholipide....... 31.0 | 653 | 61.3] 0.8 70 | 20.6 | 9.1! 202 | 45.0 
Unknown........... 6.8 44 4.1 
Total lipide........... 7.0 | 303 
Sterol ester......... 1.2 13 | 3.1| 6.0| 94 | 34.4 
Triglyceride......... 1.9 | 124 | 28.7] 7.3 58 | 21.2 
3.2 19 4.5 9.0 38 | 13.9 
Phospholipide....... 5.6 | 127 | 29.5 | 5.3 83 | 30.4 
Unknown........... 58.8 | 147 | 34.2 


per cent of the total activity, and the remaining 65 per cent of the activity 
was eluted with methanol. No attempt was made, in this case, to isolate 
the monoglyceride. 

This experiment was repeated with the addition of 6.2 mg. of dipalmitin 
to 39.7 mg. of the previously chromatographed plasma lipide. In this 
case, the results were similar to those of the previous experiment. Of the 
total recovered activity, 11 per cent was in the cholesterol and 31 per cent 
was in the diglyceride fraction. Pure ether eluted a small (1.2 mg.) fraction 
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which, however, was very active, contributing 8 per cent of the total ac- 
tivity. The remaining 46 per cent was again eluted with methanol. These 
results are illustrated in Tables VIII and IX. 
TABLE V 
Activity of Plasma Lipide Fractions 24 Hours after Ingestion of Esters 
Stearate Oleate Linoleate 
Fraction 
Specific | Total |Per cent} Specific) Total |Per cent/Specific Total |Per cent 
activity activity of total |activity |activity|of total |activity| activity total 
Total lipide........... 4.8 | 318 0.5 | 18 10.0 | 384 
Sterol ester......... 2.8 59 | 19.0) 0.4 6 | 40 21.4 | 212 | 54.1 
Triglyceride......... 1.4 13 4.2) 0.8 6 | 40 1.0 7 1.8 
1.8 26 1.9 0.5 2 113 22.3 87 | 22.2 
Phospholipide....... 7.1 | 234 | 74.9) 0.5 1 6 5.2 | 86 | 21.9 
Total lipide........... 0.5 | 20.3 6.4 | 306 
Sterol ester......... 2.5 60 | 26.8 | 0.8 7.0 | 18.9 | 6.9 82 | 22.0 
Triglyceride......... 1.1 19 | 8.5 | 1.2 | 9.6] 25.9 | 6.9 80 | 21.5 
1.1 9 0.5 3.1) 8.4 117.4 103 | 27.7 
Phospholipide....... 5.2 | 136 | 60.7 | 0.4 | 17.4 | 46.9} 5.9) 107 | 28.8 
Total lipide........... 
Sterol ester......... 0.8 13 | 16.3 
Triglyceride......... 3.0 | 46 | 57.5 
Phospholipide....... 0.4 11 | 13.8 
Unknown........... 0.7 4 5.0 
TaBLeE VI 
Recrystallization of Combined Active Cholesterol Fractions 
ifi 
mg c.p.s. 
Original active cholesterol................. 29.0 8.30 241 
Ist oryetallisation . 11.2 0.38 4 2.1 
[st recrystallization........................ 4.5 0.16 0.7 10.5 
Combined mother liquors from recrystalli- 
1.3 4.07 5.2 77.6 
After these experiments had revealed the possibility that the mono- as 
well as the diglyceride fraction might contain activity, it became neces- 
sary, because of the very small weights of these fractions, to repeat the 
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Fig. 2. Average activity of plasma lipide fractions after ingestion of esters 
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TaB_eE VII 
Activity of Erythrocyte Lipide Fraction 0.5 Hour after Ester Ingestion 
Stearate 
Fraction 
Specific activity} Total activity Per cent of total | 
C.p.s. per mg. C.p.s. | 
Total lipide 
0.7 1.5 9.1 
Total lipide 
0.1 1.6 18.8 
0 0 0 
0.7 0.5 5.6 
Total lipide 
A 
B 
= 
© 30- 
= 
$ 20- 
2 
= 
10 — 
10% 25%] 100% | 
Ether in Petroleum Ether 
Fig. 3. Chromatographic separation of cholesterol (A), dipalmitin (B), and mono- 
palmitin (C). 
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experiments with the addition of both materials as carriers. For this pur- 
pose, the rats were given the active methyl oleate mixture (150 mg., 1.3 X 
10°c.p.s.). After 2 hours, the animals were exsanguinated and their plasma 
lipide (72.4 mg.) was extracted, and, after addition of 9.1 mg. of mono- 
palmitin and 7.0 mg. of dipalmitin, it was chromatographed in the usual 
manner (Table X). It is evident that both the mono- and diglyceride 
fractions were active, and that the activity was of the same order as that 


VIII 


Chromatography of Combined Cholesterol and Phospholipide Fractions from Plasma of 
Animals Fed Carboxry-Labeled Methyl Oleate 


Per cent 


Fraction No. Eluent Weight Specific activity Total activity | setal counts 

per cent mg. C.p.s. per mg. c.p.s. 

l 10 1.9 O.SS 1.67 9.96 

2 10 2.4 0.09 0).22 

3 10 3.6 0.08 0.21 

4 10 1.3 0.07 0.09 

5 25 O.S 0.858 0.70 25.42 

6 25 2.3 2.13 4.90 

7 Methanol-ether 28.3 0.52 14.25 64.65 

TaBLe IX 


Rechromatography of Lipides Shown in Table 1 after Addition of Dipalmitin 


— 


Specific 
: ‘et Specific activity ota Per cent 
Fraction No. Eluent Weight activity (corrected activity total counts 
for carrier) 


| 
| 


per cent meg. C.p.s. per mg. c.p.s. 


l | 10 2.9 0.55 2.92 11.3 
2 | 10 6.8 0.20 

3 25 9.7 O.SI 1.74 7.90 30.9 
4 100 1.2 1.91 2.29 8.3 
5 2.49 45.6 


5 Methanol-ether 22.7 0.55 12.4! 


of triglyceride. As a further check on this separation, the last four frac- 
tions (59.1 mg., 120.3 ¢.p.s.) were recombined and rechromatographed. A 
total of 58.6 mg., 117.5 ¢.p.s., was recovered. As can be seen from Table 
XI, the distribution of weight and activity in the four fractions is similar 
to that found in the previous chromatogram. 

Identification of Glycerides—Since the possibility existed that the active 
material appearing in the mono- or diglyceride fractions was due, in reality, 
to compounds of similar polarity such as the glyceryl ethers, partial con- 
firmation of their nature was obtained in the following manner. The 
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mono- and diglyceride fractions obtained in the previous experiment (Ta- 
ble XI) were hydrolyzed with alcoholic potassium hydroxide, and the fatty 
acids isolated in the usual manner. Chromatography revealed that the 
total activity, in each case, was eluted with 4 per cent ether in petroleum 
ether, as is the case for fatty acids. A glyceryl ether would have been 
unchanged by this procedure and would have been eluted in its previous 


order. 


TABLE X 


Chromatography of Plasma Lipides* from Rats 2 Hours after Ingestion of 
Carboxry-Labeled Methyl Oleate 


Specific 

Specific activity | ota er cent 

Fraction No. Eluent Weight activity (corrected _ activity | total counts 
for carrier) | 


| per cent mg. 'C.p.s. per mg. | C.p.s. 
1 16.0 0.50 2.6 
2 5 10.5 17.53 | 184.1 | §8.9 
3 10 2.5 3.55 8.9 2.8 
4 25 12.7 3.99 8.54 50.6 16.2 
5 100 12.7 3.48 11.35 44.3 14.2 
6  Methanol-ether 31.2 0.53 | 16.5 5.3 
* Di- and monopalmitin added. 
TaBLe XI 
Rechromatography of Fractions 3, 4, 6, and 6 Shown in Table X 
| Speciic | | 
| for carrier) | 
| 
per cent | meg. lc. p.s. per mg. | C.p.s. 
1 10 3.2 1.38 | 4.4 3.8 
2 25 11.9 3.92 9.02 | 46.7 | 39.8 
3 | 100 12.6 | 3.13 | 10.11 | 39.4 | 33.6 
4 | | 26.9 | 22.9 


Methanol-ether 30.9 | 0.87 


As proof that the mono- and diglycerides obtained in these experiments 
were not artifacts arising from inadvertent hydrolysis of triglyceride during 
isolation procedures, pure triglyceride was carried through the same pro- 
cedures. A total of 98.4 per cent of the starting material was recovered 
unchanged from the column. This recovery is about average for this type 
of chromatogram. 


DISCUSSION 


The early appearance of activity in the blood lipides after the ingestion 
of labeled fatty acids attests to the rapidity of the processes of digestion, 
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absorption, and lymphatic transport in the rat. The prompt appearance 
of stearate and oleate largely ag triglyceride is consistent both with the 
knowledge that they are delivered fo the blood in this form by the lymph 
(4-6) and with the increase in the chylomicrons and low density lipopro- 
teins after a fat meal. Since these classes of lipide carriers contain most 
of the plasma triglyceride, its appearance and disappearance can be largely 
correlated with them. In the cases of stearate and oleate, but especially 
stearate, the decrease in the proportion of the fatty acid present as triglyc- 
eride and the accompanying increase in the proportion of phospholipide 
are consistent with the ideas that newly ingested triglyceride is rapidly 
metabolized (1) and that conversion to phospholipide occurs largely in 
the liver (8). Clement and May (17) have obtained similar results, using 
eleostearic acid as a tracer. It seems likely that this acid with conjugated 
unsaturation is handled as a saturated fatty acid during the operations of 
digestion, absorption, and transport. 

Linoleic acid, however, appears to be treated in a different manner. At 
the earliest measurement (0.5 hour after ingestion) fully half of it appears 
as phospholipide. At later times, this fraction decreases slightly. The 
decrease in the initial triglyceride, which also occurs in this case, is accom- 
panied by an increase in sterol ester. Since linoleic acid, like the other 
acids, is transported in the lymph largely as triglyceride (7), this rapid 
conversion to phospholipide probably takes place in the liver. These re- 
sults are not inconsistent with the idea that the essential fatty acids are 
involved in the transport of cholesterol out of the liver either as cholesterol 
esters (18) or as lipoproteins stabilized by phospholipide. 

A consistent observation which may be related to these findings is that 
the vegetable fats, which are generally rich in linoleic acid, have been im- 
plicated in the prevention of hyperlipemia, hypercholesterolemia, and pos- 
sibly the tendency towards development of atherosclerosis (19-22). A pos- 
sible mechanism for this action may now be proposed, since linoleic acid 
appears to be incorporated rapidly into serum phospholipides, which aid in 
the stabilization of the serum lipoproteins in general (23) and the higher 
density lipoproteins in particular. Thus, ingested linoleic acid may pro- 
mote the rapid formation of the higher density lipoproteins and the con- 
sequent facile distribution of the other serum lipide to sites of oxidation 
and deposition. 

Mono- and diglycerides have previously been separated from lipide frac- 
tions on silicic acid columns by both Borgstrém (23) and Hirsch.* In 
each case, different solvent systems were used. In the experiments de- 
scribed above, these two substances were easily and completely separated 
from each other and from cholesterol, triglyceride, and phospholipide. A 


® Hirsch, J., personal communication. It is recognized that the different posi- 
tional isomers of the partial glycerides may behave somewhat differently. 
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brief note has recently appeared, reporting the finding of partial glycerides 
in plasma (24). 

In this and in the experiments described here, a question arises con- 
cerning the origin of the partial glycerides. Three possibilities can be 
considered in the light of present knowledge. Partially hydrolyzed glyc- 
erides could be absorbed from the intestine and transported unchanged 
via the lymph to the blood, in which case mono- and diglycerides should be 
found in the lymph after a fat meal. A search of the literature has re- 
vealed no such report to this date. A second possibility is that the tri- 
glycerides are hydrolyzed in transit in the blood, a process which has been 
demonstrated to occur with the release of clearing factor after heparin 
injection (25, 26). That this is normally involved in postprandial lipemia 
clearing is not yet clear (26, 27). A third possibility is that partial hy- 
drolysis occurs in certain tissues such as the fat depots, and that the re- 
sulting partial glycerides are transported to other sites in this form. This 
last possibility seems unlikely for two reasons. First, it does not seem 
probable that these amounts of mono- and diglyceride would be released 
unhydrolyzed from the tissues, and, second, the activity of these fractions 
was too high to be compatible with the dilution expected from such a proc- 
ess. 
Although no decision can be made at the present time between the first 
two possibilities, they are certainly susceptible to experimental testing. 
In any event, the present experiments have demonstrated that two little 
regarded classes of lipide may contribute a sizable proportion (20 per cent 
in this case) of the transport of fatty acids after a fat meal. 


SUMMARY 


At various intervals after ingestion of carboxy-labeled methyl stearate, 
oleate, and linoleate, the plasma and erythrocyte lipides of rats were sepa- 
rated chromatographically into sterol ester, triglyceride, sterol, and phos- 
pholipide fractions which were weighed and counted. Ingested stearate 
and oleate appeared mainly in the triglyceride fraction during the first 2 
hours. After this time, in the case of stearate, the label appeared mainly 
in phospholipide. Ingested linoleate appeared largely as phospholipide 
and significantly as sterol ester. Labeled fatty acids appeared rapidly in 
the erythrocytes, but their distribution did not seem to bear any simple 
relationship to that in the plasma. The plasma mono- and diglyceride 
fractions, after separation and purification, were shown to contain about 
20 per cent of the newly ingested fatty acids. 


The authors gratefully acknowledge the aid of Mr. William H. Slaton, 
Jr., in the handling of the animals involved in these experiments. 
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THE METABOLISM OF THE ESSENTIAL FATTY ACIDS 


VI. DISTRIBUTION OF UNSATURATED FATTY ACIDS IN RATS ON 
FAT-FREE AND SUPPLEMENTED DIETS* 


By JAMES F. MEAD 


(From the Atomic Energy Project, School of Medicine, University of California, 
Los Angeles, California) 


(Received for publication, February 26, 1957) 


In a recent communication (1), indirect evidence was offered for the 
assertion that a radioactive polybromide, prepared from the unsaturated 
fatty acids of rats which had been fed methyl] linolenate-1-C', was derived, 
not from arachidonic acid, but from a derivative of linolenic acid, possibly 
an eicosapentaenoic acid. In a further consideration of this problem, it 
Was apparent that an analysis of the fatty acids of animals which had 
been on a fat-free diet from weaning would reveal a low level of polyun- 
saturated fatty acids derived only from the mother. Supplementation 
of the diet with certain acids would then give evidence for the metabolic 
fate of these acids in the changes which would occur in the distribution 
of fatty acids on the basic diet. Several methods can conceivably be used 
for such an analysis. However, the technique which seemed to give the 
most promise of success with the least difficulty, especially since it has 
been in use in this Laboratory for some years, is that of reverse-phase 
chromatography on siliconized Celite, as developed by Howard and Martin 
(2) and extended by Silk and Hahn (3) and by Crombie et al. (4). In this 
type of chromatogram, groups of fatty acids are eluted together, depending 
upon their chain length and degree of unsaturation. Thus myristic (Cis, 
saturated), palmitoleic (Cis, monounsaturated), and linoleic (Cis, diun- 
saturated) acids would be expected to be eluted together. Crombie et al. 
(4) achieved a partial resolution of these groups by permanganate oxida- 
tion of the eluted fatty acids followed by rechromatography, which sepa- 
rated the oxidized unsaturated fatty acids. In this Laboratory, it had 
been suggested (5) that a complete separation and quantitative estimation 
of the fatty acids could be achieved by hydrogenation and rechromatog- 
raphy of each fraction. With this treatment, the fatty acids would sepa- 
rate according to chain length, and identification of each would be ac- 
complished by its position in the two chromatograms. Thus, in the case 
of the mixture described above, after hydrogenation, the resulting myristic, 


* This paper is based on work performed under contract No. AT-04-1-GEN-12 
between the Atomic Energy Commission and the University of California at Los 
Angeles. 
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palmitic, and stearic acids would be smoothly separated, identification of 
the original acids would be apparent as described above, and quantitative 
estimation could follow from the titer of the eluted acids or from actual 
isolation. The one uncertainty in this scheme was the possibility of 
occurrence of positional isomers of the unsaturated acids. If these were 
present in appreciable quantity, a complete resolution of the constituent 
fatty acids would not be possible with this method. 

The following experiments represent an illustration of the use of the 
proposed method for the separation and identification of some metabolic 
products of the unsaturated fatty acids. 


EXPERIMENTAL 


Treatment of Animals—Male albino rats were maintained on a fat-free 
diet (6) from weaning until they had reached a growth plateau and were 
showing some of the symptoms of fat deficiency. They were separated 
into three groups of three animals each. Group I was kept on the fat-free 
diet; the other two groups were given daily supplements of 0.1 gm. of 
methyl] linoleate (Group II) or of linolenate! (Group III) for 1 week. At 
the end of this period, the rats were killed and the pooled organs and fat 
depots from each group were frozen, lyophilized, and extracted as de- 
scribed previously (7). 

Separation of Fatty Acids—The fatty acids, obtained in the usual manner 
from the rat lipides, were subjected to crystallization at — 50° from acetone 
to remove the saturated acids and most of the oleic acid. The remaining 
unsaturated fatty acids were then chromatographed on the reverse-phase 
column as described previously (8), about 250 mg. of fatty acid mixture 
being separated on a column of 3.36 cm. inner diameter and 31 cm. in 
height. The eluates obtained from the columns were freed from acetone 
at reduced pressure and were hydrogenated over 5 per cent palladium on 
charcoal. The saturated fatty acids, isolated from each fraction, were 
freed from the indicator (bromothymol blue) by passage through a very 
short silicic acid column in anhydrous ether and were then rechromato- 
graphed, 30 mg. being used for a column 1.28 K 30 cm. The per cent of 
each separated fatty acid in a mixture was estimated from a comparison 
of its titer with the total for the mixture. 

Alkali Isomerization—This procedure was carried out in 11 per cent 
KOH in glycerol at 178° for 30 minutes under nitrogen (9). 


Results 


In Table I are listed the mean weights of the rats on the different diets, 
and in Table II are presented data showing the distribution of fatty acids 


1 Methyl linoleate and methy!] linolenate were obtained from the Hormel Institute. 
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between saturated plus oleic acids and polyunsaturated acids. From these 
data it appears that, although a week’s supplementation was sufficient 
to cause resumption of growth, it did not induce any significant changes 
in the gross distribution of fatty acids. The reasons for this fact will 
become apparent below. Fig. 1 represents graphically the separation of 
the “‘polyunsaturated” acids from Group III (linolenate supplement). 
Fraction A was eluted in the position occupied in trial chromatograms 
by the “linoleic” group, while Fraction B was eluted in the position of 


TABLE I 
Mean Weights of Rats on Fat-Free and Supplemented Diets 


Group No. | Presupplementation Postsupplementation 
I Fat-free 226 221 
II Linoleate supplement 286 300 
III Linolenate a: 232 248 
TABLE II 


Distribution of Saturated and Unsaturated Fatty Acids in Rats on Fat-Free 
and Supplemented Diets 


| | From crystallization | Corrected for soluble oleic acid 
Group No. | Total fatty acid | ' 
| Insoluble | Soluble 
tee gm. | gm. gm. gm. gm. 
I 9.6 | 7.1 2.4 8.2 1.3 
II 19.8 | 7.8 2.4 8.8 1.4 
(10.4 used) | 
III 11.0 ae 2.4 9.2 1.5 


oleic acid. Chromatographic separations of the polyunsaturated acids 
from Groups I and II were essentially similar to that of Group III and are 
not illustrated. Table III presents the quantitative estimate of these 
two fractions from each group. 

Fig. 2 depicts the chromatographic separation of the hydrogenated 
linoleic Fraction A shown in Fig. 1, and Fig. 3 shows a similar separation 
of the linoleic fraction from Group I (Group II gave similar results). The 
calculations based on these chromatograms are given in Table IV. Two 
significant results may be seen in these data. First, the proportion of 
palmitic acid (palmitoleic acid in the original fatty acid mixture) is extra- 
ordinarily high. As a comparison, Fig. 4 and Table V show similar data 
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from rats on a standard laboratory diet (Rockland) from weaning, but 
a fat-free diet for 1 week before the analysis. 
Second, it will be noted that a significant amount of behenic acid was 


obtained only in the case of Group III (linolenate-supplemented). This 


3.00 


ML. 0.0985 N METHANOLIC KOH 


A-55 | A-60 | 


Fic. 1. Chromatographic separation of unsaturated fatty acids from rats on a 
fat-free diet with methyl linolenate supplementation. Lluting solvents are des- 
ignated by the per cent of acetone in the acetone-water-mineral oil mixtures as 


previously described (8). 


TABLE III 


Chromatographic Separation of Polyunsaturated Fatty Acids of Rats on 
Fat-Free and Supplemented Diets 


| Per cent fatty acids in 


Linoleic fraction A Oleic fraction B 
I 50 50 
Il 56 44 
Ill 60 | 40 


acid (docosapentaenoic in the original mixture) must be derived from 
linolenic acid as suggested previously (1). Confirmation of the chromato- 
graphic behavior of this acid has been carried out by use of a sample which 
contained it and some docosahexaenoic or eicosapentaenoic acid.” 

With the exception of this obvious difference, the percentages of con- 


2 This sample was very generously donated by Dr. W. O. Lundberg of the Horme!] 
Institute and will be described in publications from that Laboratory. 
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stituent acids of these groups are remarkably similar. Thus the Cis 
(linoleic) and Cyo (arachidonic) fractions, as well as the dominant Ci¢ 
(palmitoleic) fraction, are essentially the same in all the groups which 
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Fic. 2. Chromatographic separation of the fatty acids from the ‘‘linoleic’’ peak 
from Fig. 1 after hydrogenation. 
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Fic. 3. Chromatographie separation of the fatty acids from the “linoleic’’ peak 
from rats on a normal diet after hydrogenation. 


had been on the fat-free diet and quite different from the distribution of 
these acids in the rats on the standard diet. 
In Fig. 5 is depicted the chromatographic separation of the hydrogen- 
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TABLE IV 


Chromatographic Separation of Hydrogenated Linoleic Fraction from Rats 
on Fat-Free and Supplemented Diets 


Per cent fatty acids 


Group No. 
Palmitic Stearic Arachidic Behenic 


I 86.0 8. 
II 84.5 9. 
III 82.5 


bo 
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Fic. 4. Chromatographic separation of the fatty acids from the “‘linoleic’’ peak 
from rats on a normal diet after hydrogenation. 


TABLE V 


Chromatographic Separation of Hydrogenated Linoleic Fraction 
from Rats on Normal Diet 


Per cent fatty acids 


Palmitic Stearic Arachidic Behenic 


18.1 54.3 18.5 9.0 


ated “oleic”? Fraction B from the original separation of fatty acids from 
Group I (fat-free). Table VI presents calculations of the percentages of 
fatty acids from this fraction for all groups. The Ceo fraction could 
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possibly have been either a diene or triene. Confirmation of its identity 
as the triene was obtained by alkali isomerization of a sample of the unhy- 
drogenated mixture, and a mixture of pure oleic and linoleic acids was 
used as a control. The results of this procedure indicated 6 per cent of 
triene in the mixture in agreement with the chromatographic data. A 
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Fig. 5. Chromatographie separation of the fatty acids from the ‘‘oleic’’ peak 
from rats on a fat-free diet after hydrogenation. 


TABLE VI 


Chromatographic Separation of Hydrogenated Oleic Fraction 
from Rats on Fat-Free and Supplemented Diets 


Per cent fatty acids 
Group No. 
Stearic Arachidic 
I 94.0 6.0 
II 96.5 3.5 
IIT 96.8 3.2 


similar analysis of the fatty acids of rats on a normal diet revealed no 
peak for eicosatrienoic acid. 

It was surprising that in animals which had been fed 0.1 gm. of methyl 
linolenate per day for 7 days no linolenic acid should be found by this 
method. In Fig. 6 are shown chromatograms run in a manner designed 
to detect small amounts of linolenic acid if present. Previous experi- 
ments had demonstrated that linolenic acid could be completely eluted by 
use of solvent A-50 and that it could be readily separated from linoleic 
acid by this solvent. The elution of a 4.3 mg. sample of linolenic acid is 
shown in Curve A. In Curve B is shown a similar extended elution with 
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solvent A-50 of the fatty acid mixture derived from the linolenate-fed 
rats. This represents an extension of the first portion (about the first 
forty to forty-five fractions) of the chromatogram shown previously in 
Fig. 1. Curve C is from a chromatogram carried out in the same manner, 


D 


FRACTION (2.5 ML) 

Fic.6. Chromatographic separation of linolenic acid. Curve A, 4.3 mg. of 
linolenic acid; Curve B, unsaturated fatty acids from rats on a fat-free diet with 
methyl linolenate supplementation (Group III); Curve C, same as Curve B, but 
with methyl linoleate supplementation (Group II). Curve D, same as Curve B, with 
addition of 4.3 mg. of linolenic acid. 


TaBLeE VII 


Proposed Distribution of Unsaturated Fatty Acids in Rats on Fat-Free 
and Supplemented Diets 


Per cent fatty acids 
Group No. 
Palmitoleic Linoleic Eicosatrienoic | Arachidonic 
I 86.5 10.1 1.09 0.76 0.67 0 
II 86.0 11. 1.27 0.35 0.84 0 
III 86.2 11.1 1.05 0.29 0.73 0.58 


starting with fatty acids from animals of Group II. Curve D is the same 
as Curve B with 4.3 mg. of linolenic acid added to 28.4 mg. of the mixture. 
It is evident from these results that, if linolenic acid is present in the 
mixture, it is in an amount too small to be detected by this method. 

Table VII represents an attempt to summarize the above data on the 
per cent distribution of the fatty acids investigated in the different groups 
of animals. 
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DISCUSSION 


It can be seen from these experiments that the method used is a powerful 
analytical tool for investigating the distribution of the compunent fatty 
acids of a mixture. 

The picture revealed in the case of the three groups of rats used is inter- 
esting for several reasons. 

It is evident that, even though growth occurred in the supplemented 
groups, the fatty acid distribution is still essentially that of the fat-defi- 
cient group. This is shown by the very high percentage of palmitoleic 
acid (11 per cent of the total as compared to 4.3 for a group of rats on the 
normal diet) which is apparently typical of rats on a low fat diet in which 
most of the fatty acids must be synthesized (10). It is possible that syn- 
thesis of these large amounts of palmitoleic acid under these conditions 
results in the maintenance of desirable properties of the body lipides 
ordinarily achieved by dietary unsaturated acids such as linoleic, which 
has physical properties very similar to those of palmitoleic. 

Further evidence for the similarity of the fatty acids of all groups is the 
amount of eicosatrienoic acid found in the “oleic” fraction. This acid is 
undoubtedly the 5,8,11-eicosatrienoic acid previously isolated from fat- 
deficient rats (11) and suspected for some time because of its appearance 
during alkali isomerization studies of the fatty acids of fat-deficient ani- 
mals (12-14). 

The appearance of a C22 acid only in the linoleic fraction of the lino- 
lenate-fed rats is evidence that this acid (evidently originally docosapen- 
taenoic) was derived from linolenic acid, in confirmation of previous con- 
clusions. 

Although the evidence presented in this communication has given 
considerable useful information, it is preliminary in two ways. First, 
tracer experiments, such as those carried out in previous communications 
from this Laboratory, should be combined with this type of analytical 
method for better confirmation of metabolic pathways of fed acids. Sec- 
ond, the use of several pooled organs and tissues for derivation of the 
lipides and the inclusion of all types of lipides as sources of the fatty acids 
masks the changes occurring in individual organs and lipide classes. 

The first type of study will soon be forthcoming from this Laboratory. 
The second, which at present appears inconceivably enormous, has been 
started with the hope that interesting data may be forthcoming despite 
the necessarily long term nature of the task. 


SUMMARY 


By the use of a reverse-phase chromatographic method, the unsaturated 
fatty acids from the depot and organ fats of rats on a fat-free diet or this 
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diet supplemented with methyl linoleate or linolenate were separated, 
identified, and estimated. 

In all three groups, there was a large decrease in linoleic acid and a 
corresponding increase in palmitoleic acid. In the linolenate-fed animals, 
no linolenic acid could be found, but a docosapentaenoic acid appeared. 
By the appearance of a typical eicosatrienoic acid and by other signs, it 
was apparent that, although growth had resumed in the supplemented 
groups, their fatty acid distribution was still typical of the state of fat 
deficiency. 
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Increases of serum glycoproteins above the normal concentrations have 
been noted in instances of infection (1-3), x-irradiation (4), tumor growth 
(5-7), and in the fetus of various mammals (8, 9). Decreases are known 
to occur in cases of lipoid nephrosis (10) and in diffuse parenchymatous 
liver disease (11). However, it has not been established just how, or to 
what extent, the changes are related to the metabolic conditions. 

Inquiry into a possible relationship between embryonic growth and serum 
glycoprotein has led to determinations of concentrations and types of 
glycoproteins occurring in the sera of chicken embryos at various stages of 
development. ‘These results have been compared to similar analyses in 
older birds, to the other plasma and serum proteins at these stages, and to 
growth curves of the whole embryo and of the liver. It is hoped that the 
perspective thus obtained will assist in a better understanding of glyco- 
protein participation in growth and of the conditions leading to its synthe- 
sis. 

Preliminary experiments (12) have suggested the presence in embryonic 
serum of ‘“glycolipoproteins.” To explore this possibility further, deter- 
minations with respect to polysaccharides have been made on various lipo- 
protein fractions isolated and washed by ultracentrifugal procedures. 


Materials and Methods 
Studies on Whole Serum 


For each experiment with embryos, blood was pooled from at least 
twenty-four birds. In the case of newly hatched chicks, of 4-day old and 
of older chicks, blood was usually pooled from twelve to fifteen birds. Six 
roosters provided blood for studies on the adult. Serum was obtained by 
centrifuging the blood approximately 1 hour after clotting. It was then 
frozen and stored for analysis. 


* This paper is based on work performed under contract No. AT-04-1-gen-12 
between the Atomic Energy Commission and the University of California at Los 
Angeles. 
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Total serum glycoprotein! was determined by the method of Lustig and 
Langer (13) as modified by Weimer and Moshin (14). The total sero- 
mucoid fraction? was determined by the procedure of Winzler et al. (15) 
as modified by Weimer and Moshin (14). 


Studies on Ultracentrifugal Fractions 


The above analytical procedures were also carried out on three fractions 
of the serum from newly hatched chicks. These fractions were (a) pro- 
teins (lipoproteins) which float on an NaCl solution of density 1.063, (6) 
proteins (lipoproteins) which float on KBr solutions of density 1.25, and 
(c) proteins (non-lipoproteins) which sediment at a density of 1.25. Sepa- 
rations were effected in the partition cell devised for the preparatory ultra- 
centrifuge by Schjeide and Dickinson (16). With each lipoprotein group, 
the separated fraction was refloated through appropriate saline solutions 
to wash away contaminating glycoprotein. 

Total protein of serum and of serum fractions was determined by the 
micro-Kjeldahl technique. Carcass and liver weights refer to wet tissues. 
Weights of the yolk sacs were subtracted from whole carcass weights. 

The means and standard errors of the mean were determined and, when 
appropriate, probability values of group analyses were calculated. Sig- 
nificance of differences of the means was ascertained by the ¢ test of Fisher 
and Yates (17). Lipoprotein and albumin values were taken from previous 
publications of this laboratory (18) for comparison with total serum glyco- 
proteins and the seromucoid fraction. 


Results 
Studies on Whole Serum 


Both total serum glycoproteins and the seromucoid fractions were pres- 
ent in the plasma in low concentration from the 10th to the 20th day of 
incubation (Table I). From the 8th to the 18th day there was no signifi- 
cant increase (? = 0.3) in the concentration of either component. Slight 
elevations of each occurred between 18 and 20 days. However, between , 
the 20th and 21st days, possibly just at the time of active hatching, a ) 
striking increase of both total glycoprotein and seromucoid took place , 
when these components were nearly doubled. Significant further increases 
were observed by the 4th posthatching day and in the adult rooster. 


1 The non-glucosamine polysaccharide component or hexose moiety of the serum 
glycoproteins precipitated by an ethanol concentration of 90 per cent by volume at 


25°. 
2 The non-glucosamine polysaccharide component or hexose moiety of the per- 
chloric acid-soluble, phosphotungstie acid-insoluble proteins occurring in serum. t 
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Total Polysaccharide and Seromucoid Polysaccharide of Chicken Serum 


Ratio of seromucoid 


Age group Se, | | 
polysaccharide 
mean mg. per 100 ml. | mean mg. per 100 ml. per cent 
10 days incubation. ............ 21 + 1.2 5+1.2— 23.8 
18 + 1.0 4+ 1.0 22.2 
21 + 1.1 5+ 0.8 23.8 
21 + 1.3 5+ 0.8 23.8 
21 + 2.2 5 + 0.7 23.8 
24 + 2.3 6+ 1.2 25.0 
27 + 1.9 8 + 1.0 29.6 
31 + 2.2 8 + 1.5 25.8 
53 + 3.3 15+ 1.3 28.3 
4 “ posthatching........... 65 16 + 2.2 24.6 
156 “ 65 + 1.1 18 + 0.7 27.6 
14 wks. (young adult rooster). . 89 + 0.5 23 + 2.6 25.8 
Adult rabbit (20)*.............. 77 + 1.8 10 + 0.5 12.9 
110 + 1.6 12 + 0.5 10.9 
* Bibliographic reference No. 
TABLE II 


Total Protein of Chicken Serum Compared to Total Serum 
Polysaccharide and Seromucoid Polysaccharide 


Age group 


Total serum protein 


Ratio of total serum 
polysaccharide to 
total serum protein 


Ratio of seromucoid 
polysaccharide to 
total serum protein 


— 


10 days incubation. ............ 


posthatching........... 
14 wks. (young adult rooster). . 
.............. 

“man (20)* 


“cc 


mean gm. per 100 ml. 


& 


per cent 


ON & 


Bibliographic reference No. 


However, throughout all stages studied, the ratio of the seromucoid fraction 
to total glycoprotein remained approximately constant at 1:4 (Table I). 


| 
| | 
| 0.05 | 0.3 
3“ $6 0.15 | | 0.3 
1 0.01 | | 0.4 
is“ 1 0.06 | 0.4 
9 ] 0.05 | 0.5 
* 0.07 | 0.5 
, 3 0.07 | | 0.4 
0.12 | | 0.6 
| 5 0.12 | | 0.2 
| 6 0.11 | | 0.2 
! | 
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A different pattern of increase was exhibited by the total serum proteins 
of the chicken embryo (Table II; Fig. 1). A definite rise took place during 
the interval from 12 to 20 days of incubation. However, an even sharper 
increase corresponding closely to the increase in total glycoprotein was 
apparent between 20 and 21 days of incubation. ‘Thereafter, the rate of 
increase was only slightly increased over that observed before the 20th day 
of incubation. 

Close correspondence was not observed between the growth of either the 
whole embryo or of the liver on the one hand and concentrations of total 
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Fic. 1. These curves depict increases during development in the total weight of 
the embryo and of its liver. They are presented for comparison with the curves in 
Fig. 2. Vertical lines through the points represent twice the standard deviation for 
the group. 

Fig. 2. These curves depict increases in total protein, in total dense lipoproteins, 
and in total glycoprotein. The values for glycoproteins were obtained by arbitrarily 
multiplying total serum polysaccharide values by 10. Total protein figures are 
based on protein nitrogen, whereas lipoprotein figures represent both lipide and 
protein nitrogen determinations. Vertical lines through the points represent twice 
the standard deviation for the group. 


glycoprotein and the seromucoid fraction on the other. However, just at 
hatching, the growth of the whole embryo and of the liver stopped abruptly 
and as previously mentioned the glycoproteins doubled in concentration 
(Figs. land 2). This pattern was also characteristic of the high density 
lipoproteins (>1.063) (Fig. 2). Other lipoproteins and albumin did not 
show such increases (18). 


Studies on Ultracentrifugal Fractions 


To explore further the relationship between lipoproteins and glycoproteins 
and especially to determine whether lipide and protein-bound carbohydrate 
are present in the same molecules, the amounts of protein-bound poly- 
saccharide present in various lipoprotein fractions were determined (Table 
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III). In the newly hatched chick, it was found that each lipoprotein frac- 
tion contained polysaccharide, notwithstanding thorough washing. When 
the polysaccharide present in all lipoprotein fractions was totaled, this 
amount was equivalent to at least one-fifth of the total polysaccharide of 
the serum (Table III). 


TaB_eE III 
Amounts of Polysaccharide in Serum Fractions of Newly Hatched Chicks* 


Density class No. of samples Mg. per 100 ml. whole serum 


1.063 (washed lipoproteins) 1 
1.25 5 16 + 0.23 
1.25 (dense proteins) 8 


* The high KBr concentrations of these samples may be responsible for slightly 
elevated polysaccharide values in each fraction. Wash solutions, however, gave 
very low readings, indicating that the above values are correct in a relative sense. 


DISCUSSION 


A close relationship between changes in glycoprotein concentrations and 
rate of growth of the whole embryo body and the size of its liver was found 
at only one stage. When the over-all growth was first slowed, at hatching 
a marked increase in the concentration of these conjugated proteins was 
observed in the serum. Several explanations for this phenomenon may be 
made as follows: (1) during growth, substrata necessary for synthesis of 
the protein (or protein complex) may be utilized for energy and for synthe- 
sis of structural materials. (2) Systems necessary for production of glyco- 
protein may be relatively poorly developed until the egg is close to hatch- 
ing. (3) The stresses of hatching may be instrumental in provoking an 
increased production or release of glycoproteins. However, (4) it is also 
possible that the increased concentrations in the serum of both total glyco- 
protein and seromucoid are simply reflections of the decreased utilization of 
these molecular species by the embryo as growth is slowed. 

As has been pointed out, the denser lipoproteins show an increase in con- 
centration just at hatching, paralleling the increase in glycoproteins. This 
finding, together with the above evidence from centrifugally isolated lipo- 
protein fractions, indicates that in some instances substances identified 
only as glycoproteins by certain analytical procedures, and only as lipo- 
proteins by other techniques, may actually be the same protein. An al- 
ternative view is that glycoproteins, as separate moieties, may form firm 
complexes with lipoproteins. 

The relative importance of the fetal and maternal organisms as sources 
of circulating proteins in the fetus has been the subject of considerable 
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speculation (19). Although the present studies fail to resolve this question, 
the marked and selective increases in total serum glycoprotein, the sero- 
mucoid fraction, and certain lipoproteins at hatching suggest that these 
proteins are elaborated to a considerable degree by the fetus. 

Comparison of total serum glycoprotein of the chicken with that of adult 
rabbits and man (Table I) indicates that the young adult chicken occupies 
a middle position, between rabbits and man, with respect to concentrations 
of this type of complex. However, the ratio of mucoprotein material to 
total glycoprotein is much higher in the chicken, compared to the other 
two species. The ratios of both total glycoprotein and mucoprotein to 
total protein are higher in the young adult chicken than in either the 
rabbit or man. 


SUMMARY 


Total serum glycoprotein and the seromucoid fraction were determined 
in chicken embryos of various stages. These results were compared to 
similar analyses in older birds, to the total serum protein at these stages, 
and to growth curves of the whole embryo and of the liver. Serum glyco- 
protein and the seromucoid fraction were both present in relatively low 
concentration until just at hatching when marked increases were observed. 
lurther increases were seen at the 4th posthatching day and in the young 
adult rooster. However, the ratio of seromucoid fraction to glycoprotein 
remained constant at 1:4. 

No positive correlation was observed between the rate of increase of the 
total serum proteins and that of the glycoproteins. However, when growth 
of the whole embryo body and of its liver suddenly stopped at hatching, a 
striking increase in both glycoprotein and seromucoid took place. Possible 
reasons for this change are discussed. 

Isolated lipoprotein fractions were tested for polysaccharide content. 
Each of the lipoprotein fractions contained polysaccharide and it is postu- 
lated that many lipoproteins are actually also glycoproteins. At least one- 
fifth of the total serum polysaccharide was present in lipoproteins. 


It is a pleasure to acknowledge the valuable assistance and advice of 
Dr. Henry E. Weimer, of the Department of Infectious Diseases, University 
of California School of Medicine, Los Angeles, and his fellow workers, Miss 
Frances Quinn and Dr. Hisako Nishihara. 
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The first step in the thrombin-induced fibrinogen-fibrin conversion ap- 
pears to be a proteolytic reaction (1-5) in which fibrinogen F is converted 
to fibrin monomer f (6, 7), with an accompanying release (2, 3) of fibrinopep- 
tide P. This reaction, which may be reversible, can be represented as 


F f+P (1) 


where T is thrombin. Under certain conditions, e.g. in 1 M NaBr at pH 
5.3 (7), f remains monomeric so that Reaction 1 can be studied without the 
equilibrium being affected by the subsequent polymerization of the mono- 
mer. 

If no side reactions occur in 1 M NaBr at pH 5.3, the concentration of 
clottable protein in mg. per ml., z7.e. F + f, should remain constant through- 
out the course of Reaction 1. However, as previously noted! (8), it was 
found that the concentration of clottable protein in a solution of F and T 
in 1 mM NaBr at pH 5.3 decreased to a considerable extent, this being con- 
strued as an indication of the progressive inactivation of F, f, or both, by 
T. This phenomenon is, at least superficially, similar to that described by 
Guest and Ware (9), who showed that fibrin clots could be dissolved in 
solutions of very high thrombin concentration (over 2000 units per ml.). 
Lorand (10) has suggested that the Guest-Ware effect is a manifestation of 
a “continuous degradation process of fibrinogen by thrombin.”” Inasmuch 
as such a side reaction can affect the equilibrium of Reaction 1 and the data 
obtained therefrom (5, 8), it was necessary to establish whether the inac- 
tivation is caused by thrombin in the concentration range (50 to 100 units 
per ml.) used in Reaction 1. The results presented here show that the species 
inactivated is the monomer f (as originally suggested!) rather than F, 
while the inactivation is not caused by thrombin but by another substance 
present only in some thrombin preparations. 


* This investigation was supported by research grant No. H-1662 from the Na- 
tional Heart Institute of the National Institutes of Health, Public Health Service. 
Presented before the Division of Biological Chemistry at the 130th meeting of the 
American Chemical Society, at Atlantie City, September, 1956. 

! Laskowski, M., Jr., Schapiro, B. L., Donnelly, T. H., and Scheraga, H. A., un- 
published experiments. 
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We can show that the inactivating substance is not thrombin by assum- 
ing that the unknown material is an enzyme, and by demonstrating, with 
the aid of kinetic and chemical data, that such an enzyme cannot be throm- 
bin. Alternatively, if we make the opposite assumption that the unknown 
substance is not an enzyme, then it follows immediately that it cannot be 
thrombin. Thus, we shall develop the argument by designating the in- 
activating substance as an enzyme, F£;,. It will also be shown that F,, | 
is probably not plasmin (fibrinolysin). The inactivation reaction can then | 
be represented as | 


Ex», 
f ——"+ non-clottable protein (or proteins) (2) | 


As a result of this investigation it is possible to specify the conditions under 
which Reaction 1 can be studied without complications from Reaction 2. 
Since the rates of Reactions 1 and 2 are small under the conditions em- 
ployed, up to about 10 days were required to complete some experiments. 
Therefore the question of the long time stability of fibrinogen, fibrin mono- 
mer, and thrombin was also investigated under a variety of conditions. 


EXPERIMENTAL 


Materials—-Armour bovine fraction I was further purified by Laki’s 
procedure (6), modified by an additional ammonium sulfate precipitation 
as described previously (11). The final fibrinogen precipitate was dissolved 
in 1 M NaBr (pH 5.3 to 5.7) and dialyzed against 1 mM NaBr containing 0.05 
M acetate buffer at pH 5.3. 

Monomeric fibrin was prepared by a procedure described previously (7). V 
After three cycles of precipitation and solution, the material was found to 5 
contain approximately 5 per cent of the thrombin initially used in its 8 
preparation,’ which in most cases amounted to about 0.2 unit per ml. The u 
procedure for thrombin analysis is described in the next section. t 

Thrombin preparations of two kinds were used, a commercial Parke, v 
Davis product (about 15 units per mg.) and a purified citrate-activated ( 
preparation kindly supplied by Dr. W. H. Seegers. This preparation v 


probably had an activity of about 1000 units per mg. of protein. The g 
2 The presence of thrombin in monomer f solutions is not ascribed to adsorption on, ‘ 
or occlusion in, the clot either in its initial preparation or subsequent cycling, for 8 
reasons discussed under ‘Effect of F and fon TAMe assay.’”’ A likely explanation is 
that the clot always contains mother liquor which, in the initial formation of the clot h 
from F, also contains T. The mother liquor cannot be completely squeezed out since t! 
this would result in a clot which is very difficult to dissolve in] mM NaBr. Recycling a 
f by reclotting and redissolving obviously can get rid of most but not all of the throm- | 
bin. At any rate, the thrombin contamination represents only asmall fraction of the : 


thrombin actually used in the experiments. 
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procedure for the preparation of the particular sample of citrate-activated 
thrombin used in this investigation has been described by Seegers and Alk- 
jaersig (12). The Seegers thrombin was supplied to us in 50 per cent aque- 
ous glycerol and stored in this solvent, the glycerol being removed by di- 
alysis before use. | 

The synthetic substrate p-toluenesulfonyl-L-arginine methyl ester hy- 
drochloride (TAMe), supplied by the H. M. Chemical Company, Ltd., 
Santa Monica, California, was used without further purification to assay 
for thrombin by a modification of the procedure of Sherry and Troll (13). 
The ester sample had a moisture content of 0.2 per cent and was hydro- 
lyzable by thrombin to the extent of 99 per cent of the theoretical value. 

Thrombin Analysis—The concentration of thrombin in units per ml. was 
determined by its esterase activity toward TAMe (13). The original work 
of Sherry and Troll (13) has established the validity of this method as an 
accurate procedure for determining thrombin concentration. Since our 
conditions differed considerably from theirs in such important aspects as 
temperature, solvent system, method of determining acid released, etc., 
we have considered it necessary to investigate again a number of variables 
in the TAMe method as described below. 

In our procedure, the thrombin-catalyzed hydrolysis of TAMe was fol- 
lowed by titration of the acid liberated with a standard solution of 0.05 m 
NaOH, the pH being kept constant. A glass electrode and Beckman 
model G pH meter were used as a pH indicator in the manner described by 
Schwert and coworkers (14). In a typical experiment, 4 ml. of a standard 
solution of 0.02 m TAMe in 0.15 m KCl were adjusted to the desired pH 
with NaOH. 1 mi. of thrombin in 0.15 mM KCI was then added along with 
3 ml. of 0.15 Mm KCI to give a final TAMe concentration of 0.01 Mm. The 
standard solution of NaOH in 0.15 Mm KCl was then added from a 1 ml. 
ultramicroburette to maintain the pH constant during the run. The solu- 
tion was stirred magnetically during the titration, and the temperature 
was monitored but not controlled. All data refer to room temperature 
24-26°) and thus differ somewhat from those of Sherry and Troll (13), 
whose experiments were carried out at 37°. The extent of hydrolysis is 
given directly by the number of equivalents of NaOH used in the titration. 
Control experiments in the alkaline pH range (pH 8 to 9) indicated negli- 
gible effects of 

Typical runs are shown in Fig. 1 in which the number of micromoles of 
hydrolyzed TAMe is plotted against time. The straight line indicates 
that the hydrolysis reaction is zero order in TAMe, as found by Sherry 
and Troll. These experiments (Fig. 1), as with all runs, were carried out 
only up to 10 to 20 per cent hydrolysis for assay purposes. The zero order 
behavior is also indicated by experiments in which the initial TAMe con- 
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centration was varied over the range 0.005 Mm to 0.1 m at constant thrombin 
concentration. The effect of this variation in the initial TAMe concentra- 
tion is illustrated in Fig. 2, which shows that the reaction is zero order in 


5 


MICROMOLES OF TAMe 
HYDROLYZED 


| 
5 10 15 
TIME (MINUTES) 
Fig. 1. Duplicate runs showing the rate of hydrolysis of 0.01 m TAMe with Parke, 
Davis thrombin at pH 8.0 and 25° in 0.15 m KCl] (thrombin concentration = 7/8 
TAMe unit per ml.). 


TAMe_Conc. 

w O.IM 

0.05M 

5 @ 0.02M 

O.OIM 

> 0.005M 

x 

Oo 

= 

Oo 

= 
re | | | | 
fe) 2 4 6 8 


TIME (MINUTES) 


Fic. 2. Dependence of rate of TAMe hydrolysis on initial TAMe concentration 
at pH 8.0 and 26° in 0.15 m KC] (thrombin concentration = 2 units per ml.). 


TAMe and attains its maximal velocity at about 0.01 m. At an initial 
TAMe concentration of 0.005 m, the rate of hydrolysis was somewhat less 
than the maximum. 

The reaction was found to be first order in thrombin (Fig. 3), based on 
experiments in which the thrombin concentration was varied 10-fold from 
0.28 to 2.8 units per ml. at a constant concentration of TAMe (0.01 M). 
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The pH-activity curve is shown in Fig. 4, where the zero order rate 
constant (micromoles of TAMe hydrolyzed per minute per ml.) is plotted 
against pH for both Parke, Davis and Seegers’ citrate thrombins in 0.15 M 
KCl. The effect of NaBr on the activity is also shown, and it is apparent 
that this salt depresses the thrombin activity at all pH levels. Fig. 4 
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Fia. 3. Dependence of zero order rate constant for TAMe hydrolysis on thrombin 
concentration at pH 8.0 and 25° in 0.15 m KCI (TAMe concentration = 0.01 om). 

Fic. 4. pH-dependence of zero order rate constant for hydrolysis of TAMe at 25° 
(TAMe concentration = 0.01 mM). Curve A, Seegers thrombin, 10/8 TAMe units per 
ml., in 0.15 m KCI; Curve B, Parke, Davis thrombin, 1 TAMe unit per ml., in 0.15 mM 
KCl; Curve C, Parke, Davis thrombin, 1 TAMe unit per ml., in 1 mM NaBr. Points 
D and E, Parke, Davis thrombin, 1 TAMe unit per ml., in 0.024 and 0.12 Mm NaBr, 
respectively, both being 0.15 mM in KCI. 


provides the justification for carrying out routine thrombin analyses at 
pH 8. 

Definition of Thrombin Unit—To avoid ambiguity, we state the defini- 
tions of the two kinds of units generally used for expressing thrombin ac- 
tivity; z.e. (a) clotting unit and (b) TAMe-hydrolyzing unit. The clotting 
unit has been defined (15) as that amount of thrombin which clots 1 ml. 
of a standard solution of fibrinogen in 15 seconds at 28° (see the definition 
of the clotting time for this assay (15)). We define the TAMe-hydrolyzing 
unit in a manner similar to that of Sherry and Troll (13) as the amount of 
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thrombin required to liberate 0.1 umole of acid per minute from 1 ml. of 
0.01 Mm TAMe at pH 8 in 0.15 m KC] at 25°. Our unit is not equivalent to 
that of Sherry and Troll because their experiments were carried out at 37°. 
As a conversion factor, the number of our TAMe-hydrolyzing units should 
be increased by 25 per cent (13) to equate them approximately to those of 
Sherry and Troll; the Sherry-Troll unit is equivalent to a clotting unit.’ 

Several experiments with Parke, Davis thrombin were performed before 
our adoption of the TAMe assay. It was subsequently found that the ac- 
tivity stated by the manufacturer (15 to 25 units per mg.) was 40 to 65 per 
cent less than that found by TAMe assay under our conditions. A similar 
discrepancy in the activity of Parke, Davis thrombin assayed by the Iowa 
method (clotting time) has been reported by Olwin (16). Thus, we shall 
report the concentration of Parke, Davis thrombin for those particular 
experiments in which no TAMe assays were made in terms of PDU, or 
Parke, Davis units, 7.e. as stated on the manufacturer’s label. 

Effect of Fibrinogen F and Monomer f on TAMe Assay—Since thrombin 
assays were frequently made in the presence of fibrinogen, it was necessary 
to test the report of Sherry, Troll, and Glueck that this protein can affect 
the TAMe assay for thrombin (17). The experiments in Table I show 
that in dilute solutions of thrombin (about 0.5 to 1 TAMe unit per ml.) 
and F or f (1 to 3 mg. per ml.) little, if any, thrombin activity is lost either 
through binding to fibrinogen or monomer in solution or by adsorption toa 
clot. 

Stability of Thrombin—The TAMe assay provides a sensitive means of 
detecting changes in thrombin activity. A summary of our findings on 
thrombin kept under a variety of conditions in Pyrex glass vessels is as 
follows: At 0—2°, the TAMe-hydrolyzing activity of Parke, Davis and See- 
gers’ citrate thrombin (both at about 10 units per ml.) is completely re- 
tained over a period of several months either in 0.15 m KC] (pH 7) or 1 
NaBr (pH 5.3). Loss of activity at 15° (in 1 M NaBr) in the presence of F or 
f is minimal up to 2 weeks (80 to 100 per cent activity retained‘), whereas 
at room temperature (25°) the activity of a Parke, Davis preparation (10 
TAMe units per ml. in 0.15 m KCl) was reduced by about 50 per cent even 


3 It should be emphasized that the experiments on Reactions 1 and 2 were not car- 
ried out under the conditions of our assay but rather at pH 5.3 in 1 mM NaBr at 0° and 
15°. Hence, whereas the thrombin concentration reported for these experiments 
was that which was determined by assay with TAMe at pH 8, the actual activity at 
the pH, ionic strength, etc., in the reaction mixture was far less (Fig. 4). 

4 Unfortunately the TAMe assay probably cannot give information about the pos- | 
sible inactivation of thrombin by fibrinopeptide A, as reported by Bettelheim (18). 
The high dilution required for assaying (1:40 to 1:80), different ionic strength and 
pH, as well as the presence of TAMe itself, might be expected to dissociate any 
thrombin-inhibitor complexes. 
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in 1 day. Seegers’ purified citrate thrombin retained about 85 per cent of 
its activity after 1 week in 0.15 mM KCl at room temperature. On the other 
hand, lyophilization apparently destroyed about 95 per cent of the activity 
of Seegers’ citrate thrombin. Storing a concentrated Seegers’ preparation 
(2500 units per ml.) in 50 per cent glycerol at —10° for several months or 
removal of the glycerol by dialysis caused only minor changes in activity. 
From these observations it is concluded that thrombin is far more stable 
than is usually supposed (19). 


TABLE I 
Effect of Fibrinogen F or Monomer f on TAMe Assay for Thrombin at pH 8.0 
Experiment No. a 
TAMe unit per ml. 
la Thrombin + TAMe in 1 mM NaBr 0.55 
Ib Solution Ia + fibrinogen in 1 mM NaBr (final concen- 0.53 
tration 2.3 mg. per ml.) 
Ila Thrombin + TAMe in 0.15 m KCl 0.65 
IIb Solution Ila + 1 m NaBr (final concentration, 0.44 
0.03 M) 
Ile Solution IIb + fibrinogen (final concentration of 0.44 
NaBr, 0.03 m and of F, 1.2 mg. per ml.)* 
Illa Thrombin + TAMe in 0.15 m KCl 0.88 
IIIb Solution IIIa + fibrinogen (final concentration, 0.88 
1 mg. per ml.)* 


* In Experiment IIc, the analysis was carried out in the presence of a fibrin clot, 
whereas in Experiment IIIb the clot was removed and the analysis was performed 
on the supernatant solution. No clot formed in Experiment Ib because the ratio of 
TAMe concentration to thrombin activity was high enough so that the TAMe was 
highly efficient in its competition with F for thrombin (13). 


Analytical Procedures for Fibrinogen and Fibrin—The concentration of 
fibrinogen or fibrin monomer was first determined by the ultraviolet ab- 
sorption at 280 my of an aliquot diluted with 1 m NaBr. An extinction 
coefficient of 16.0 was used (wave length 280 muy, 1 cm. cells, concentration 
in gm. per 100 ml.). Values thus obtained generally agreed well with 
the concentration of total clottable protein as determined by Morrison’s 
procedure (20) modified because of the presence of NaBr as described pre- 
viously (5). Laki’s method (6) was used to determine per cent clottability 
of fibrinogen (in KCl), which was found to be 90 to 93 per cent for all 
preparations. It may be noted that the concentrated Parke, Davis throm- 
bin solutions used in the Laki assay showed an ultraviolet absorption which 
had to be taken into account when the per cent clottability was calculated. 
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The Morrison assays were carried out in a standard clotting buffer® for 
either 4 or 5 hours when the final thrombin concentration was 1.25 to 10 
units per ml. Table II shows the justification for use of this clotting time 
in this range of thrombin concentrations. A similar time schedule was 
employed for determinations involving fibrin monomer. 

Procedure for Runs—The inactivation reaction was studied by incubating 
various thrombin preparations with either fibrinogen or monomer in | M 
NaBr, buffered at pH 5.3 with 0.05 M acetate, at a series of concentrations 
and temperatures. Under these conditions Reaction 1 occurs, accompanied 
by Reaction 2. However, no polymerization of f takes place in the con- 
centration range used (7).7 At various times 1 ml. aliquots were with- 
drawn from the reaction mixture and pipetted into 20 ml. of the standard 
clotting buffer’ to clot both F and f. The weight of fibrin obtained from 


TaBLeE II 
Clot Yield As Function of Clotting Time in Standard Clotting Buffer 
Final thrombin concentration, 2.46 PDU per ml. 


Time Time 
hrs. hrs. 

1 17.3 5 17.5 

2 17.3 6 17.5 

3 17.4 7 17.5 

4 17.4 24 17.5 


a 4 hour clotting assay, z.e. the total concentration of clottable protein, 
was then plotted against the time of incubation with thrombin. Con- 
trols containing F or f but no T were set up with each experiment. 


Results 


The kinetic data for the inactivation reaction, obtained from experi- 
ments in which either fibrinogen or monomer was incubated with Parke, 
Davis thrombin at 15° in 1 M NaBr at pH 5.3, are shown in Figs. 5 to 9. 
In Fig. 5 are data obtained when thrombin (50 PDU per ml.) was incubated 
with F at various concentrations. Whereas the control (Curve D) showed 


5 The composition of this buffer was 0.1 mM KCI, 0.05 m phosphate, pH 6.3. 

®° The inactivation experiments were carried out at thrombin concentrations of 25 
to 200 units perml. The thrombin was diluted 20-fold in the assay procedure, and the 
final concentration of thrombin was 1.25 to 10 units per ml. 

7 At very high fibrinogen concentrations (about 6 per cent) viscosity determina- 
tions on F-T mixtures gave evidence of polymerization in this solvent. This is in 
agreement with the concentration and pH limits previously stated (7) for the in- 
hibition of polymerization. 


S. EHRENPREIS AND H. A. SCHERAGA 1051 


essentially no loss in clottability, two effects were evident in Curves A, B, 
and C. First, there was an induction period during which the clottability 
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Kia. 5. Inactivation reaction in mixtures of F and Parke, Davis thrombin in 1 Mm 
NaBr at pH 5.3 and 15°. Curves A, B, and C, thrombin concentration 50 PDU per 
ml. Curve D represents a solution of F under the same conditions but containing 
no thrombin. 
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Kia. 6. Effect of variation in the concentration of Parke, Davis thrombin on the 
inactivation of F. Curves A, B, C, and D correspond to thrombin concentrations of 
0, 50, 100, and 200 PDU per ml., respectively. 


remained unchanged. ‘This was followed by a zero order decrease in clot 
weight which represents the inactivation reaction. Fig. 6 shows that the 
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length of the induction period decreased with increasing concentration of 
Parke, Davis material. When monomer was used instead of fibrinogen 
(Fig. 7), there was no induction period, and the reaction was zero order in 
f over a wide range of initial concentrations and first order in Parke, Davis 
material (Figs. 8 and 9). 


CONC, OF CLOTTABLE PROTEIN (MG/ML ) 


O | | | 


2 4 6 oO 2 4 6 
INCUBATION TIME (DAYS) INCUBATION TIME (DAYS) 
Fic. 7 Fig. 8 


Fic. 7. Inactivation reaction in mixtures of monomer f and Parke, Davis throm- 
bin at various concentrations of f in 1 M NaBr at pH 5.3 and 15°. Thrombin concen- 
tration = 50 PDU per ml. Curve D represents f with no added thrombin. The zero 
order rates of inactivation in mg. per ml. per day are 0.76, 0.8, and 0.9 for Solutions 
A, B, and ©, respectively. 

Fic. 8. Inactivation reaction in mixtures of monomer f and Parke, Davis throm- 
binin Im NaBr at pH 5.3 and 15°. Curves A, B, C, D, and E represent thrombin con- 
centrations of 0, 25, 50, 100, and 150 TAMe units per ml., respectively. The two sets 
of symbols for Curves B and D represent duplicate experiments. 


At 0°, a solution of fibrinogen incubated with Parke, Davis thrombin at 
100 TAMe units per ml. showed no loss in clottability for a period of about 
8 days (lig. 10). Under these same conditions, the inactivation of mono- 
mer proceeded to a considerable extent. 

As will be shown under “Discussion,” it is possible to conclude from an 
analysis of the kinetic data that the species inactivated is monomer f, not 
fibrinogen F, and that thrombin is not the inactivating enzyme F,,... This 
conclusion was checked experimentally as described below. 
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Inactivation experiments carried out with Seegers’ purified citrate throm- 
bin at 15° are represented in Fig. 11. At a concentration of 50 TAMe 
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THROMBIN CONC. ( TAMe UNITS/ML.) 
Fic. 9. Plot of zero order inactivation rate data of Fig. 8 against thrombin con- 
centration. The straight line shows that the reaction is first order in the concentra- 
tion of Parke, Davis material. 


26 
as Ss 24 
8 ry oO 22-— 
= 
a 
) 2 4 6 0 2 4 
INCUBATION TIME (DAYS) INCUBATION TIME (DAYS) 
Fig. 10 Fia. 11 


Fic. 10. Inactivation reaction at 0° in 1 mM NaBr at pH 5.3 when solutions of F and 
f were incubated with Parke, Davis thrombin at 100 TAMe units per ml. Curve A, 
F plus thrombin; Curve B, f plus thrombin; Curve C, f control. The curve for the 
F control (not shown) coincides with Curve A. 

Fic. 11. Inactivation reaction in mixtures of f and thrombin in 1 mM NaBr at pH 
5.3 and 15°. Curve A, (O), no thrombin added; (@), Seegers’ thrombin added (50 
TAMe units per ml.); Curve B, Parke, Davis thrombin added (25 TAMe units per 
ml.). 


units per ml., this thrombin preparation caused no significant inactivation 
of monomer. [or comparison, the inactivation of monomer f by Parke, 
Davis thrombin of only half the activity is also shown. Similar results 
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were obtained at 0°, which confirm the kinetic analysis that the inactiva- 
tion reaction is not caused by thrombin itself but by some impurity EF), in 
Parke, Davis material. This contention was supported by the following 
experiment in which thrombin was destroyed at low pH as suggested by 
Seegers (21). The pH of a solution of Parke, Davis thrombin (1000 TAMe 
units per ml. in distilled water) was adjusted with dilute HCl to 3.48 and 
maintained for 10 minutes.’ After being brought to pH 5.3, an aliquot of 
the solution was assayed by the TAMe method, which revealed that over 
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Fig. 12. Inactivation of fin 1 M NaBr at pH 5.3 and 15° by Parke, Davis thrombin 
and by acid-treated Parke, Davis thrombin. Curve A, f control; Curve B, f plus 
acid-treated Parke, Davis thrombin equivalent to 100 TAMe units per ml.; Curve C, 
f plus Parke, Davis thrombin, 100 TAMe units per ml. 

Fic. 13. The effect of soy bean trypsin inhibitor on the inactivation of fibrinogen 
in 1M NaBr at pH 5.3 and 15°. Curve A, F control; Curve B, (A), the course of the 
inactivation in the presence of 200 PDU per ml. with 0.5 mg. per ml. of STI added; 
(QO), the reaction in the absence of STI. 


99 per cent of the thrombin activity had been destroyed. The acid- 
treated preparation was mixed with monomer to give a final concentration 
of Parke, Davis material equivalent to 100 TAMe units per ml., had the 
thrombin activity not been destroyed. As shown in Fig. 12, the rate of in- 
activation produced by the acid-treated thrombin was not significantly 
different (within a factor of 2) from that produced in a similar mixture 
containing untreated Parke, Davis thrombin at 100 units per ml. If 


8 This treatment was carried out in water, rather than in 1M NaBr, since the salt 
precipitated the proteins. In water, a precipitate appeared at pH 3.5, but dissolved 
at pH 5.3 to give an opalescent solution. 

® After 3 days a small amount (10 per cent) of the thrombin activity had regen- 
erated. 
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E,, were thrombin, then Curve B would have one-tenth the slope of 
Curve C since about 10 units per ml. of thrombin activity had regenerated.’ 

Plasmin (fibrinolysin) is a reasonable possibility as the inactivating sub- 
stance. The effect of the potent antifibrinolysin soy bean trypsin inhibitor 
(STI) (13) on the inactivation reaction is shown in Fig. 13. It is seen that 
STI in rather high concentration caused no appreciable inhibition of the 
inactivation reaction. 

The activity of Parke, Davis material toward lysine ethyl ester (LEe), a 
synthetic substrate for fibrinolysin (22), was also investigated. The Parke, 
Davis preparation (100 TAMe units per ml.) was subjected to the pH 3.5 
treatment mentioned above. This preparation, which, as already stated, 
still produced the inactivation reaction on monomer f, did not cause hy- 


FLOW TIME (SECONDS) 
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Fig. 14. Flow times of f in the presence and absence of Parke, Davis thrombin (100 
TAMe units per ml.) in 1 mM NaBr at pH 5.3 and 15°. Curve A, f control; Curve B, f 
plus Parke, Davis thrombin. 


drolysis of 0.02 m LEe in 15 minutes at pH 6.5 at 25°. Both of the above 
experiments suggest that /;, may not be plasmin. 

Some preliminary work has been carried out to investigate the nature 
of the inactivated material. Viscosity experiments indicate that the inac- 
tivated product is somewhat different from monomer f. Fig. 14 shows flow 
times for f and a mixture of this with Parke, Davis thrombin. Since the 
initial concentration of monomer was the same in both solutions (2.0 gm. 
per 100 ml.), the higher initial flow time in Curve B was due to the presence 
of protein material in Parke, Davis thrombin. Over a period of 7 days at 
15° the inactivation reaction proceeded to the extent of about 50 per cent 
and was accompanied by a progressive fall in viscosity. Analysis at room 
temperature in the ultracentrifuge of a solution of monomer which was 
completely inactivated by Parke, Davis thrombin indicated that the pro- 
tein had undergone no apparent gross change in sedimentation properties 
as compared with either fibrinogen or the original monomer. 

Preliminary attempts to locate peptide material released during inac- 
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tivation have thus far been unsuccessful. These included examination 
of ultraviolet absorption of supernatant solutions from precipitation with 
richloroacetic acid and ninhydrin tests for increase in amino nitrogen in 
these solutions. 
Since these experiments are only preliminary ones, it is not yet possible 
to draw any conclusions relating the changes in the properties of monomer 
f, indicated by the viscosity data of Fig. 14, to possible proteolytic action. 


DISCUSSION 


The results obtained in this investigation indicate that the inactivation 
reaction is caused by an impurity present in Parke, Davis thrombin, and 
that the species inactivated is monomer f rather than fibrinogen. These 
conclusions are based upon the following analysis of the results. 

From Fig. 6 it can be seen that, when F is mixed with Parke, Davis 
thrombin, the inactivation curve shows an induction period, the length of 
which decreases as the thrombin concentration increases. On the other 
hand, when monomer is mixed with this thrombin preparation, no induc- 
tion period is observed (Figs. 7 and 8). These observations at 15° suggest 
that the species being inactivated may be f, the induction period arising 
because Reaction 1 must first occur to obtain a high enough concentration 
of f for the inactivation reaction to be measurable. When the Parke, 
Davis thrombin is added directly to f, Reaction 1 does not occur and hence 
no induction period is observed. On the other hand, at 0°, no inactivation 
is observed in mixtures of F and Parke, Davis thrombin over a period of 
several days simply because the rate of conversion of F to f (7.e. Reaction 1) 
is very slow at this temperature (8).!° The fact that the inactivation reac- 
tion does proceed at a measurable rate at 0° when f instead of F is used 
(Fig. 10) indicates that the failure to observe inactivation of F at 0° is not 
due solely to the temperature dependence of the inactivation reaction. 
Thus we can formulate the consecutive reactions as 


T Ei, 


F : f » non-clottable protein (or proteins) (3) 


Irom an examination of the kinetic data, we can show that the inac- 
tivation reaction is caused by a substance other than thrombin. The in- 
activation reaction is zero order in f (lig. 7) (and also zero order in F after 
the induction period; see ligs. 5 and 6) and first order in the concentration 
of Parke, Davis material (Fig. 9). Since Reaction 1, which occurs concur- 
rently with Reaction 2, is initially first order in both F and T (8),!° we can 
show that /,, cannot be T. If /,, were T, we would have a situation in 
which the same enzyme simultaneously catalyzed two different reactions 


10S. Khrenpreis, unpublished experiments. 
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with different orders in the substrate concentration," an impossibility, as 
will be shown below. 

We shall prove that /,, is not T by assuming both substances to be iden- 
tical enzymes and showing that this assumption leads to a contradiction. 
To allow for the fact that two different species are involved, 7.e. F in Reac- 
tion 1 and f in Reaction 2, let us designate the substrates as S; and Sz, 
respectively, and the enzyme, assumed to be the same for Reactions 1 and 
2,as EH. With use of Michaelis-Menten theory (23), we have, for Reac- 
tions 1 and 2, respectively, 


ky ks 


S, +E » E + products (4) 


ES, 


S.+ EF >» E + products (5) 


If the initial concentration of enzyme is (/)o, then 
(E)o = (E) + (ES,) + (ES2) (6) 
The Michaelis constants for both reactions are 


(E)(S:) ke + ks 
(7) 


and 


_ (E)(S2) _ ka! + 
(ES) 


(8) 


The following expressions describe the initial rate of disappearance of sub- 
strate 


k;(ES;) (9) 
and 

—dS 

= k;’(ES,) (10) 


1) We are excluding the possibility that Reactions 1 and 2 are catalyzed at different 
sites on the thrombin molecule because the FE}, activity is not destroyed when T ac- 
tivity is, and because Seegers’ T contains no EF}, activity. 
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A solution of Equations 6, 7, and 8 leads to expressions for (7S;) and (/S:) 
which can be substituted into Equations 9 and 10 to yield 


—d8, k3(E) (11) 
2 


We now shall require that Equation 11 be first order in S; and Equation 12 
be zero order in S2, in accordance with our experimental results. If we 
write 


(S:) 
K,. K,.’ «K 1 (13) 
Equation 11 reduces to 
—dS, ky 


which is first order in S; asrequired. Since Equation 13 indicates that the 
sum of two positive quantities is less than unity, each quantity individually 
must satisfy such an inequality, 72.e. 


(S;) 

«1 (15) 
and 

K,.’ «K 1 (16) 


— >1 (17) 


= kz'(E)o (18) 


Making use of Equation 15 and the additional inequality 
we can reduce Equation 12 to 
—dS» 
dt 


2) 


S. EHRENPREIS AND H. A. SCHERAGA 1059 


which is zero order in Sz as required. However, Equations 16 and 17 are 
mutually contradictory. Hence, our original assumption that FE is the 
same in Equations 4 and 5, 2.e. that it represents both T and E;,, isincorrect. 
The discrepancy between Equations 16 and 17 can also be demonstrated in 
another way. Equation 16 implies that K,,’ is very large. From Equa- 
tion 8 we see that a large K,,’ means that essentially none of the enzyme is 
bound to the substrate. Equation 17, on the other hand, implies a small 
K,,’ and hence indicates that essentially all of the enzyme is bound to the 
substrate. Since the same enzyme cannot be both completely bound and 
completely free from a given substrate (S2 in this case) in the same solu- 
tion, we conclude from the kinetic data that the inactivating substance 
E,, (if an enzyme) is not thrombin; if /;, is not an enzyme, then it cannot 
be thrombin. 

The experimental findings that the inactivation reaction was caused 
by acid-treated Parke, Davis thrombin, and not by purified Seegers’ 
citrate thrombin, support the conclusion from the kinetic data that £;,, is 
not thrombin. 

Ey, seems to resemble plasmin in several respects but differs from it in 
several others. For example, it has been reported that plasmin is some- 
what acid-labile (24) and does not destroy thrombin (25), properties in 
common with £;,. On the other hand, it has been shown that plasmin is 
both fibrinogenolytic (a fibrinogen inactivator) and fibrinolytic (26), while 
under the conditions of our experiments /;, has been shown to inactivate 
only monomer and not F. STI, the strong plasmin inhibitor, failed to 
inhibit #,, either in the conventional method for plasmin assay” or in 
1 m NaBr at pH 5.3. Further, the lack of hydrolytic activity of acid- 
treated Parke, Davis thrombin toward lysine ethyl ester, a known plasmin 
substrate (22), has already been mentioned. Thus, while F;, is probably 
not plasmin, its identity remains unknown at present.” 

The suggested absence of /£;, from Seegers’ thrombin would seem to 
imply that the inactivation reaction differs from the lysis of fibrin clots by 
thrombin as reported by Guest and Ware (9). However, it must be noted 
that the Guest-Ware experiments were carried out at a much higher 
thrombin concentration (2000 to 20,000 units per ml.) than was used in 


12 In this test (26) purified monomer f at a final concentration of 0.4 per cent was 
clotted at pH 6.3 in standard clotting buffer in the presence of Parke, Davis thrombin 
(100 TAMe units per ml.) with and without STI at a concentration of 2 mg. per ml. 
Approximately 60 hours were required for the dissolution of both of these clots at 28°. 
The f control clot was fairly stable under these conditions. 

18 Parke, Davis thrombin retained its EF}, activity even after prolonged dialysis, 
but lost it completely after heating to 60° for 45 minutes. Hence, even though it has 
not been established that Fy, is an enzyme, its non-dialyzability and heat lability 
indicate that it is a protein. 
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our investigation (up to 100 TAMe units per ml.). Hence, we cannot rule 
out the possibility that Seeger’s thrombin may contain traces of E,,. If 
such traces were present, they would not show up in our studies and at the 
same time might be the origin of the lysis observed by Guest and Ware. 
Clearly, the origin of the Guest-Ware effect, and its possible relation to 
Reaction 2, should be investigated in order to aid our understanding of the 
complete role of thrombin in the fibrinogen-fibrin conversion, 7.e. to learn 
whether thrombin is merely a specific protease for Reaction 1 or has other 
(specific or non-specific) proteolytic activity. 

In conclusion, the results of this investigation permit us to define the con- 
ditions under which the equilibrium of Reaction 1 can be studied without 
complications arising from Reaction 2 or the instability of any of the 
components in the system. At temperatures near 0°, Reaction 1 will be 
very slow, but the stability of fibrinogen and monomer in the presence of 
fairly high concentrations of purified thrombin, as well as that of thrombin 
itself, makes such studies feasible even up to periods of 10 days. This 
long time stability is maintained up to 15°, in which case the rate is much 
faster (8).!° If the more readily available Parke, Davis thrombin is used, 
the temperature must be maintained near 0° to minimize Reaction 2. Ob- 
viously, the use of Seegers’ thrombin, which contains little if any £;,, is 
to be preferred. However, the relative unavailability of this material, 
together with the large quantities required (8),!° makes it difficult to carry 
out such investigations of Reaction 1 solely with Seegers’ thrombin. 


SUMMARY 


The possible influence of the inactivation of fibrinogen F or fibrin mono- 
mer f on the thrombin-induced equilibrium between these species has been 
investigated. It has been shown, from both kinetic and chemical evi- 
dence, that the species inactivated is f rather than F, and that the inacti- 
vation is caused by an impurity, /;,, present in Parke, Davis thrombin 
but essentially absent from Seegers’ thrombin. It appears that £},, is not 
plasmin. It has been possible to specify the conditions under which the 
equilibrium between F and f can be studied without the inactivation of 
monomer occurring. In this connection, information has been obtained 
about the long time stability of fibrinogen, monomer, and thrombin. 
Finally, the variables in the p-toluenesulfonyl-L-arginine methyl ester as- 
say for thrombin have been investigated in order to provide an accurate 
and rapid method for the determination of thrombin activity. 


We should like to thank Mrs. Diane Culver for carrying out many of 
the analyses involved in this work, Dr. Michael Laskowski, Jr., for helpful 
discussions of the kinetic data, and Dr. W. H. Seegers for his generous gifts 
of purified citrate thrombin. 
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ABSORPTION AND METABOLISM OF 
HY DROCORTISONE-4-C#*F 


By PAUL M. HYDE ann ROBERT H. WILLIAMS 
(From the Department of Medicine, University of Washington, Seattle, Washington) 


(Received for publication, February 4, 1957) 


Although the intensity of the biological response to experimentally ad- 
ministered corticoids is known to vary widely, the relationship of the route 
by which a hormone is administered to its metabolism and physiological 
action is poorly understood. Porter and Silber (1) have described the 
varying glycogenic activity of cortisone, hydrocortisone, and their acetates 
after subcutaneous and intramuscular administration to rats. Bradlow 
et al. (2) reported different patterns of tritium excretion after intravenous, 
intramuscular, or intraperitoneal injection of cortisone-T in mice. How- 
ever, Bocklage and coworkers (3) found essentially no difference in the 
amounts of C4 excreted or in pathways of excretion after intramuscular or 
intragastric administration of cortisone-4-C™ acetate to rats. Wyngaar- 
den et al. (4, 5) found the physiological disposition of radioactivity after 
subcutaneous injection of hydrocortisone-4-C" in rats to be the same as 
that reported for cortisone-4-C"™ acetate (3) and 11-dehydrocorticosterone- 
21-C'* (6). Since the liver is the major site of inactivation of the gluco- 
corticoids in rodents (7-15), the rate of absorption and of transport of these 
compounds to that organ should affect the amount of metabolic activity 
elicited. 

Only after hydrocortisone-4-C"™ of sufficient specific activity (4 ue. per 
mg.) became available could relatively physiological quantities (50 y) of 
this hormone be given to animals in order to determine the metabolic path- 
ways. These studies were initiated to ascertain whether the route of ad- 
ministration of the radiosteroid affects its metabolism. The intravenous, 
intramuscular, sublingual, and intragastric routes were chosen because 
these are the ones usually available for therapeusis and because they had 
not been studied at the same dose level before. Reabsorption of the biliary 
radiometabolites was investigated in animals with bile fistulas to learn 
whether enterohepatic circulation is a factor in the metabolism of radiohy- 


* This work was supported by research grant No. A-629(C) from the National 
Institutes of Arthritis and Metabolic Diseases of the National Institutes of Health, 
United States Public Health Service. 

t Preliminary reports containing a portion of these data read by title at the An- 
nual Meetings of the Endocrine Society at San Francisco, June 17-19, 1954 (J. Clin. 
Endocrinol. and Metabolism, 14, 817 (1954), and at Atlantie City, June 2-4, 1955 (J. 
Clin. Endocrinol. and Metabolism, 16, 888 (1955)). 
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drocortisone. In addition, chloroform extractions after several successive 
hydrolytic procedures were used to study the chemical nature of the biliary 
and urinary metabolites excreted. 


EXPERIMENTAL 


Preparation of Animals—Male rats of the Sprague-Dawley strain, from 
43 to 5 months old and weighing in excess of 300 gm., were divided into 
three groups: normal controls (NC); blank operation controls (OC), which 
had sustained an abdominal incision, exteriorization, and manipulation of 
the intestines for approximately 5 minutes, and wound closure; and a group 
with biliary fistulas (BF), the bile ducts having been cannulated with metal- 
tipped polyethylene tubing. All operations were performed under ether 
anesthesia without rigid adherence to sterile technique (16). 

Administration of Hydrocortisone-4-C™ and Collection of Excreta—Imme- 
diately after the surgical procedures, or after light ether anesthesia, the 
rats received 50 y (450,000 d.p.m.) of radiohydrocortisone.! For the intra- 
venous injection, the steroid was dissolved in 0.01 ml. of 95 per cent ethanol 
and 0.5 ml. of sterile physiological saline per dose; for intramuscular in- 
jection, the steroid was dissolved in 0.2 ml. of redistilled dibutyl succinate 
and injected in three sites with an Agla micrometer syringe; for oral ad- 
ministration, the radiosteroid, dissolved in 1 ml. of 50 per cent ethanol, 
was given by stomach tube. 

By the procedure of Miescher and Gasche (17) for the sublingual ad- 
ministration to rats, 0.02 ml. of a solution containing 2.50 mg. of the steroid 
per ml. of 95 per cent ethanol was placed under each animal’s tongue with 
a micrometer syringe, and anesthesia was continued for 5 minutes. Fluids 
and chow were withheld for 4 hours thereafter. To determine the amount 
of hormone reaching the stomach after sublingual administration, prelimi- 
nary experiments were performed on thirty animals with ligated pyloruses. 
4 hours after the administration of 5 y of the radiosteroid and 45 y of the 
non-isotopic hydrocortisone, the stomach contents were radioassayed and 
approximately 30 per cent of the administered C'™ was found. The re- 
mainder was believed to have been absorbed through the oral mucosa. 

After they were given isotopic hydrocortisone, the BF animals were 
placed in restraining cages, given water, 2 per cent NaHCO; (18), and 
ground Purina chow ad libitum. It was found that the BF animals which 
had received the hydrocortisone intravenously expired after 18 hours unless 
a solution of 0.9 per cent KCl was made available to them. Control ani- 
mals were placed in plastic cages (19) suitable for the collection of expired 
air and received water and chow ad libitum. Expired CO, was collected in 

1 Obtained through the kindness of the Radioactive Steroids Allocations Commit- 


tee of the Endocrinology Study Section, National Institutes of Health, Bethesda 14, 
Maryland. 
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2 Nn KOH of very low carbonate content and aliquots of it were converted 
to BaCQs for counting. 

Cumulative samples of the excreta were collected at 4, 8, or 12 hour in- 
tervals for a period of 5 days. The liquid samples were collected with 
CHCl; as a preservative and stored in the frozen state until radioassayed. 
Aliquots of bile and urine were oxidized directly by the Van Slyke-Folch 
(20) procedure and the CO, was precipitated as barium carbonate. The 
feces were extracted with hot ethanol for 48 hours and weighed aliquots of 
these extracts were oxidized. The amount of radioactivity present was 
determined with a thin window or windowless Geiger tube. Corrections 
for self-absorption were made with samples of BaC™QO; prepared from stand- 
ard NasCO; obtained from the National Bureau of Standards. 

Enteral Absorption of Biliary Radioactivity—Bile, collected from one ani- 
mal from each of the groups which received radiohydrocortisone by the 
four different routes of administration, was concentrated by lyophilization 
to one-third of its original volume. 1 ml. of this material was then injected 
intraduodenally into three recipient rats immediately after cannulation of 
their bile ducts. The excreta were collected and treated as described. 
After 48 hours the animals were killed; the intestinal tracts and their con- 
tents were removed, ground, and extracted as previously described (21). 

Fractionation of Radiometabolites Excreted in Bile and Urine—10 y of 
hydrocortisone-4-C and 40 y of the non-isotopic steroid were added to 
non-radioactive rat bile as a control for the precipitation and extraction ex- 
periments. After adjustment of the pH to 7 (electrometric), the proteins 
in the solution were precipitated with 20 volumes of ethanol at 4° and col- 
lected by filtration. The precipitate was washed, resuspended in water, 
and assayed for radioactivity. It contained about 1 per cent of the C' 
present initially. The solvent in the filtrate was removed in vacuo at 30° 
by a rotating evaporator. The residue remaining was dissolved in water 
and the pH adjusted to 7. An aliquot of this solution was extracted three 
times with 5 volumes of washed and redistilled CHCl; at 4°. The extracts 
were combined, washed with water, 0.1 N NaOH, and then twice with wa- 
ter, and the washes were reextracted as outlined in Diagram 1. Occa- 
sionally emulsions were encountered, but were broken by centrifugation in 
the cold. The CHCl; was removed in vacuo at 30° and the residue was dis- 
solved in ethanol and assayed for radioactivity. 

In order to ascertain the purity of the radiohormone and to determine the 
amount of radiosteroid removed at each step of the extraction procedure, a 
series of control experiments with the radio- and non-isotopic hydrocorti- 
sone? and tetrahydrocortisone* (THF) was carried out according to the 
procedure presented in Diagram 1. To an aqueous solution, 5 y of hy- 


2? Obtained through the kindness of Dr. Ek. Alpert, Merck and Company, Inc. 
§’ Obtained through the kindness of Dr. R. Silber, Merck and Company, Inc. 
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Diagram 1. Extraction Procedure 
Pooled bile* 
Iixtracted 3 times 


with 5.0 volumes 


CHCl; 


CHCl, Aqueous 


Washed with 0.05 
volume H.O 


CHCl; Aqueous Aqueous remainder* 


Washed with 0.05 
volume 0.1 nN NaOH 


CHCl; NaOH 


Washed 2 times with 
0.05 volume H.O Extracted 2 times with 


0.5 volume CHCl, 


CHCl;; neutral extract* 
* 
Extracted 2 times 


with 0.5 volume 
CHCl, 


| 
CHCl; 


Washed with 0.05 
volume H,O 


| | 


H,O CHCl;; extract 


of washings* 


H,O* 


* Assayed for radioactivity. 


drocortisone-4-C" and 400 y of THF were added and aliquots assayed for 
radioactivity and Porter-Silber chromogens (22), respectively. 92 per cent 
of the radioactivity (Table I) was contained in the chloroform layers, 
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whereas only 78 per cent of the chromogenic material was soluble in this 
solvent. However, a total of only about 85 per cent of the THF present 
was removed with this extraction procedure, indicating its appreciable 
solubility in aqueous solutions. , 
Another solution containing biliary radiometabolites was similarly 
treated and then subjected to four successive hydrolytic procedures, fol- 
lowed by extraction as outlined previously. In the first of these hydrol- 
yses, beef liver 6-glucuronidase,‘ at an initial concentration of 1000 units 
per ml. of bile, was employed. Preliminary experiments which compared 
bacterial 6-glucuronidase® and 6-glucuronidase from beef liver showed no 
essential difference in the amounts of C extracted after hydrolysis of ali- 
quots of a bile solution containing radiometabolites. Previous experi- 


TABLE I 


Recovery of Radioactivity and Porter-Silber Chromogens after Multiple Extraction 
of 0.005 Mg. of Hydrocortisone-4-C' and 0.400 Mg. of THF 


Per cent original solution 


Hyd 

cortisone-4-C™ THF 


ments with other aliquots of this bile plus boiled enzyme solutions demon- 
strated that none of the radioactivity was extractable with CHCl, either 
initially or after incubation at pH 5 and 37° for 48 hours. Before admix- 
ture of the enzymatic solution, 1 mg. of disodium Versenate per ml. of bile 
was added, along with sufficient 1 mM acetate buffer to give a final buffer 
concentration of 0.1 M at pH 5. The mixture was preserved with 1 ml. of 
CHCl; during the incubation at 37° for 24 hours when the same amount of 
enzyme was again added and the solution incubated for another 24 hours 
(23) and then extracted with CHCl;. A third incubation with additional 
enzyme was carried out and only minute amounts of radioactivity were 
found in the CHCl; extract of this aqueous solution. Assays (phenol- 


4 Obtained from Warner-Chilcott Laboratories, New York. 
5 Prepared in these laboratories, starting with a culture of Escherichia coli given 
to us by Dr. M. L. Doyle and Dr. P. A. Katzman of St. Louis University, St. Louis, 


Missouri. 
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phthalein glucuronide) of the amount of 8-glucuronidase present in the 
first incubated solution showed a drop in activity of 50 to 80 per cent after 
1 hour. The level of enzymatic activity was then relatively constant until 
the second addition of enzyme, when it declined from 20 to 60 per cent. 
Only a 10 to 20 per cent drop was found in enzymatic activity after each 
24 hour incubation with urine. 

The aqueous solution was then adjusted to pH 1, allowed to remain at 
room temperature for 1 hour (24), and extracted. After the extraction, the 
aqueous remainder at pH 1 was‘brought to room temperature and allowed 
to stand for 24 hours (25) and extracted. After this procedure, the aqueous 
residue was treated with 15 volumes per cent HCl in a boiling water bath 
for 15 minutes (5), chilled, and reextracted with CHCl;. During each 
hydrolytic step, control experiments were carried out to determine how 
much of the added hydrocortisone-4-C™ was soluble in the chloroform, al- 
kali, and water washings and how much remained in the aqueous phase. 

After each route of administration, all of the radioactive bile excreted 
was combined, with the exception of that used in the experiments on entero- 
hepatic circulation. These solutions were adjusted to pH 7, and the pro- 
teins were removed as previously described. One-third of each solution of 
pooled bile was used for the experiments on extraction and hydrolysis. 
The urines from all of the NC animals in each series were combined and 
similarly treated. 


RESULTS AND DISCUSSION 


No radioactivity was detected in the expired air of animals receiving 
hydrocortisone-4-C' by any of the four routes of administration. Within 
the limits of the procedure, the maximal amount of C present must have 
been less than 1 per cent of the dose. This same lack of C™ in the expired 
air of rats which have been given hydrocortisone-4-C" (5), cortisone-4-C"™ 
acetate (3), and testosterone-4-C™ (26-28) indicates the resistance of the 
A ring of these hormones to complete oxidation to COs. 

The average percentages of radioactivity in the bile, urine, and feces 
excreted during the 120 hour period are given in Table II. That absorp- 
tion was almost complete is indicated by the high recoveries of administered 
radiocarbon. The largest degree of variation in urinary C™ was seen in 
the animals which had received the hormone sublingually, as contrasted to 
those which had obtained it intramuscularly. The OC animals excreted 
slightly more C' via the fecal route, but this difference is not significant. 
The small amount of C' found in the feces of the BF animals may have 
been caused by contamination with urine. NC animals excreted about the 
same amount of C™ in the urine and feces, regardless of the route of ad- 
ministration of the hormone. ‘These data are in agreement with those of 
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Wyngaarden et al. (5), who gave hydrocortisone-4-C"™ subcutaneously to 
rats. However, Bradlow et al. (2) found a considerably greater amount 
of radioactivity (65 per cent) in the urine in the 24 hour period after intra- 
venous injection of cortisone-T to mice. These workers also found only 
40 per cent of the administered radioactivity in the urine for the same pe- 
riod of time after intramuscular injection and 10 per cent in the first 6 hours 
after intraperitoneal injection. ‘The small number of animals used in their 
study with cortisone-T, the species variation, or both, may account for the 
difference between their results and ours after intravenous injection. 


TaBLeE II 


Average Total Excretion of C'* Recovered during § Days after Various Routes 
of Administration of Hydrocortisone-4-C to Normal and Bile Fistula Rats 


Per cent administered 
Type of rat* 
Bile Urine Feces Total 

6 365 + 2 6142 6)! 9+ 5 

6 31 + 14; 61+ 10 92 + 6 

6 34+ 4/602 5) 9424 5 
Control, operated upon, ig...... 5 27+ 3/6424 91+ 2 
7 91 + 3 6+ 97 + 3 
7 80+4/ 152 O 95 + 4 


* The animals were given the radiosteroid by intravenous (iv.), intramuscular 
(im.), sublingual (sl.), and intragastric (ig.) administration. 

t Administered 0.05 mg., 450,000 d.p.m., of hydrocortisone-4-C™. Standard de- 
viation values are included. 


The daily excretion patterns for all three types of animals and the four 
routes of administration are shown in Fig. 1. The NC animals eliminated 
almost all of the radioactivity during the first 48 hours, and the OC rats 
required about 96 hours for this process. The similarity between the 
amounts of total radioactivity excreted by the NC animals during the 
first 24 hours after sublingual administration (65 per cent) and those after 
intravenous injection (63 per cent) suggests that the major fraction of the 
hydrocortisone-C™ given under the tongue was absorbed there and passed 
directly into the venous drainage of the area. Otherwise, the excretion 
pattern should have resembled that found after intragastric administration. 
However, inspection of the data (Table II) shows that there was a greater 
variation in the quantities of C4 excreted in the urine and feces after sub- 
lingual administration than when given by the other routes, indicating 
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that a variable amount of the hormone was absorbed from the lingual area. 
The more rapid excretion of radioactivity in the bile after sublingual ad- 
ministration over that excreted after administration by gavage indicates 
that absorption of hydrocortisone into the systemic circulation was faster 
and perhaps greater by the sublingual route. 

The studies of the OC animals were carried out to determine the effect 


NORMAL ANIMALS CONTROLS 
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2345 


DAYS 
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Fic. 1. Daily excretion of radioactivity after administration of 0.05 mg. of hy- 
drocortisone-4-C'4. IV represents intravenous, IM = intramuscular, SL = sublin- 
gual, and IG = intragastric routes of administration. The height of the bar indi- 
cates total daily excretion expressed as percentage of administered radioactivity. 
The number of rats is given in parentheses. 


of the trauma of operation on the abdominal contents as reflected in the 
excretion rates of radioactivity. The operative manipulation of the in- 
testines prolonged the excretion of radiocarbon after administration by 
gavage, possibly due to decreased absorption or decreased elimination by 
the intestines. 

The average cumulative biliary excretions of the isotopic material ad- 
ministered by each of the four routes are shown in Fig. 2. The excretion 
in bile of the major fraction of the radioactivity, after corticoid adminis- 
tration to rodents, confirms the work of other investigators (2-5). The 
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rapid elimination of radiocarbon in the bile after intravenous and intra- 
muscular injection of hydrocortisone, 68 and 75 per cent, respectively, in 
the first 4 hours is similar to that found after subcutaneous injection, 80 
and 90 per cent (5). Bocklage et al. (3) found only 33 per cent of the C™ 
in the bile 4 hours after intramuscular administration of cortisone acetate. 
However, no difference was found in the quantities of C' excreted in the 
bile after intragastric administration of hydrocortisone and cortisone ace- 


100- 


wo 


© 


Routes of administration 
© Intravenous 

Intramuscular 

0 Sublingual 

x Intragastric 


2 


CUMULATIVE PERCENT OF ADMINISTERED C!4 


4 8 12 16 20 24 28 32 36 48 
HOURS 
Fig. 2. Biliary excretion of radioactivity in rats after intravenous, intramuscu 
lar, sublingual, and intragastric administration of 0.05 mg. of hydrocortisone-4-C"™ 
(450,000 d.p.m.). 


tate (30 and 28 per cent, respectively) in the same time period. Perhaps 
the difference in the rate of excretion of the radioactivity after intramuscu- 
lar injection could be due to differences in the injection technique or to the 
compounds themselves. The acetate of cortisone has been shown by Por- 
ter and Silber (1) to be slightly less effective than hydrocortisone in pro- 
moting the deposition of glycogen after a single intramuscular dose, al- 
though the amounts absorbed from the injection sites were 77 and 83 per 
cent, respectively. 

The suggestions of Bradlow et al. (2), Bocklage et al. (3), and the experi- 
ments of Wyngaarden et al. (5) supporting the concept of enterohepatic 
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circulation of the corticosteroids in the rat were examined. In all four 
routes of administration (Table IT), the urinary excretion of C™ from NC 


III 
Average Percentages of Radioactivity Recovered during 48 Hours after Intraduodenal 
Administration of Bile Containing Radiometabolites of Hydrocortisone-4-C™ 
to Recipient Rats with Bile Fistulas 


Per cent of administered C' excreted by recipient rats* 
Route of administration No. of 
of C4 to donor rats animals Intestinal 
Bile Urine Feces tractand = Total 
contents 
Intravenous........ 4 64 + ll 9+7 8' 2+2 |9%2+7 
Intramuscular...... 3 64+ 1 321 29+ 5. O 96 + 5 
Sublingual......... 66+ 225 | 2142 627 | 95 +4 
Intragastric. ....... 4 622 5| 521 |302 5) O 97 + 3 


* Standard deviation values are included. 
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CUMULATIVE PERCENT OF ADMINISTERED c!4 


i2 1 20 24 28 32 36 48 
HOURS 
Fia. 3. Biliary excretion of radioactivity after intraduodenal injection of 1 ml. 
of bile from donor rats containing radiometabolites of hydrocortisone-4-C" into bile 
fistula-recipient rats. Donor rats received radioactive hydrocortisone by an intra- 
venous, intramuscular, sublingual, or intragastric route. 
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rats (31 to 36 per cent) is higher than that from BF animals (6 to 15 per 
cent). These data also suggest that a recycling of the biliary radiometab- 
olites takes place. As clearly shown in Table ITI, recirculation takes place 


¢ 
| 
40 
Via 
30 
20 
Te) Wa 


P. M. HYDE AND R. H. WILLIAMS 1073 


to a marked extent, the major fraction of the administered biliary C'* be- 
ing again excreted in the bile of recipient animals. The rate of biliary 
excretion of radioactivity by the recipient BF animals is much slower 
(approximately 30 per cent for the first 12 hours (Fig. 3)), contrasted with 
that of the donor animals receiving the hormone by stomach tube (about 
56 per cent for the same time interval) (Fig. 2). These findings suggest 
that some change in the nature of the biliary C™, such as hydrolysis of the 
conjugates, may take place in the intestines and be sufficient to slow up 
absorption, or that the liver may take a longer period of time to handle 
reabsorbed biliary metabolites than it does to handle hydrocortisone. 
However, the significantly larger amounts of radiocarbon present in the 
feces and intestinal tracts of recipient BF animals (Table IIT) indicate that 
some alteration in the corticoid molecule sufficient to prevent its absorp- 
tion must have taken place in the first passage through the liver. Complete 
absorption of all of the hydrocortisone present in the intraduodenally in- 
jected bile was assumed because only negligible amounts of C' were found 
in the feces of those BF animals given the radiohormone by gavage (Ta- 
ble IT). 

Table IV shows the distribution of C™ after fractionation of the biliary 
radiometabolites. The initial chloroform extraction removed only minute 
amounts of radioactivity (0.7 to 1.3 per cent) and these could be considered 
as existing in the “free” or unconjugated state. The data for the CHCl; 
extract and the CHCl; extract of the washings have been combined for 
clarity in Tables IV to VI. 

The presence of radiometabolites conjugated with glucuronic acid was 
demonstrated by the quantity of C' extracted, amounting to from 5.8 to 
9.8 per cent of the pooled bile, after hydrolysis with liver 8-glucuronidase. 
These data differ appreciably from those of Wyngaarden et al. (5), whofound 
that only 2.4 per cent of the radioactive material was soluble in CHCl; 
after enzymatic hydrolysis, but that this quantity was the same as when 
heat-inactivated enzyme had been used. Since Isselbacher (29) has shown 
that tetrahydrocortisone glucuronide formation takes place with guinea pig 
liver microsomal preparations, it would seem that conjugation of this and 
other corticoid metabolites should take place in vivo. Our findings support 
this concept. 

That hydrolysis at pH 1 apparently continues for at least 24 hours is 
indicated by the size of the continued increase in extractable C™ over this 
period. If only continuous extraction of those metabolites released by the 
8-glucuronidase before adjustment to pH 1 had been taking place, the 
amounts of radioactivity in the CHCl; and aqueous washings would have 
been less than those actually found. 

The large amounts of radioactivity which were rendered CHCl; and al- 


TaBLE IV 
Fractionation of Radiometabolites in Bile after Various Routes of Administration 
of Hydrocortisone-4-C™ to Rats with Bile Fistulas 
Per cent radioactivity found in pooled bile 
Type of hydrolysis* Route of administration 
Control 
Intra- | Intra- | Sublin-| Intra- 

venous muscular gual | gastric | 
i 

None CHCl; extract 0.4| 0.7) 0.2| 0.2 /97.0 
0.1N NaOH wash | 0.0| 0.6! 0.6 
H:O wash 0.1} 0.5) 0.3] 0.0 
§ 
ous 4.0 ( 
8-Glucuronidase CHCl; extract 3.9 4.4; 3.6| 5.1] 91.2 
0.1 N NaOH wash 1.9 241 
H.O wash 2.4] 0.2] 2.6] 0.0 
8.2 5.8] 9.8 | 94.2, aque- s 
ous 5.0 t 
pH 1, 1 hr. CHCl; extract 1.0 1.1 1.0; 1.6} 91.1 t 
0.1 N NaOH 2.1 2.4; 2.1] 2.4) 1.9 r 
wash 1.2 1.1| 0.0 I 
ous 8.0 
pH 1, 24 hrs. CHCI; extract 0.7) 0.5} 0.5] 0.8 | 91.6 t 
0.1N NaOH wash | 1.1| 1.3] 1.2] 1.3] 2.3 
H.O wash 0.5 0.3! 0.5) 0.0 
ous 9.8 | 
Hot 15 volume % CHCl; extract 9.4; 11.0 | 10.5 | 12.7 | 70.4 C 
HCl 0.1 N NaOH wash | 6.4| 8.6) 11.3 | 12.4 
H:O wash 0.4; 0.7) 0.7) 0.9! O.8 t 
ous 10.5 
31.7 | 38.5 | 33.1 43.6 
Aqueous remainder...................... 67.3, 61.5 | 66.8 | 52.4 C 
Total recovery ........ 100.0 | 99.9 | 96.0 

* For each hydrolytic step, 10 y of hydrocortisone-4-C"™ and 40 y of hydrocortisone 
were added to a separate sample of bile from control BF animals. 
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kali-soluble after the hot acid procedure (9.4 to 12.7 per cent and 6.4 to 
11.3 per cent, respectively) are in agreement with those reported by Wyn- 
gaarden et al. (5). These investigators found that, after a similar treat- 
ment of rat bile, 31 per cent was extracted with CHCl; without any reex- 
traction of the solvent. However, the control experiments carried out 
under identical conditions (Table IV) demonstrated that an appreciable 
amount of isotopic hydrocortisone (about 12 per cent) was soluble in the 
alkali wash and could be considered as changed by the strong acid. There- 
fore, the values in the experimental extracts might represent, in part, de- 
struction of the hormone rather than continuing hydrolysis. The entire 
series of successive hydrolytic procedures was repeated on second aliquots 
of the biles and essentially the same results were obtained. 

The quantity of biliary radioactivity rendered CHCl; and alkali-soluble 
after the hydrolytic procedures after intragastric admission of hydrocorti- 
sone-4-C" is larger than that found after administration by other routes, 
and may reflect a slightly different metabolism of the steroid. It would 
seem that both the bacteria of the intestinal tract and the rapid passage of 
the hormone to “inactivating” enzymes of the liver might alter the hydro- 
cortisone more than if it were injected intravenously, but this does not seem 
to be the case. The non-hydrolyzable water-soluble portion of the radio- 
metabolites is greater after intravenous and sublingual administration. 
Perhaps the blood and other tissues contain a greater number or variety 
of enzymes responsible for this metabolic transformation into a non-lipide- 
soluble component than the hepatic or enteral areas. 

In the recycled bile, no radiocarbon was extracted with chloroform ini- 
tially, yet a large amount of it was soluble in CHCl, alkali, and water wash- 
ings after enzymatic treatment (Table V). Upon calculation of the abso- 
lute amounts of C™ released from the bile of the recipient BF animals by 
8-glucuronidase, it was found that only a slightly greater amount of the 
radioactivity was rendered extractable here than on the first passage 
through the liver. Thus the high values shown are not indicative of in- 
creased glucuronic acid conjugation of the hydrocortisone metabolites. 
The hot 15 volumes per cent HCl was effective in releasing some radioac- 
tivity into the chloroform and alkali fractions, but it is not known whether 
this was hydrolysis or destruction of metabolites. Certainly some de- 
struction took place because only 58 per cent of the hydrocortisone was 
recovered in the chloroform fraction of the control experiment. In these 
studies on the reabsorption of radiometabolites, the major fraction of the 
C4 excreted in bile was not hydrolyzed by the methods used. Finding less 
‘4 in this water-soluble fraction upon recycling suggests that some of this 
type of metabolite may not have been reabsorbed from the intestinal tract. 

Although comparable amounts of radioactivity were extracted from bile 


TABLE V 

Fractionation of Radiometabolites in Bile after Intraduodenal Injection 
of Bile Containing Radiometabolites of Hydrocortisone-4-C™ | 
to Recipient Rats with Bile Fistulas | 

Per cent radioactivity found in pooled bile 
Route of administration of C14 | 
Type of hydrolysis* to donor rats | 
Control 
Intra- | “™'T@~ | Sublin-| Intra- 

None CHCl; extract 0.0; 0.0; 0.0); 0.0 | 96.1 
0.1 N NaOH wash 0.0} 0.0} 0.0; 0.9! 0.6 
H,0 wash 0.0; 0.0; 0.0} 0.0; 0.0 
ous 4.0 
8-Glucuronidase CHCl; extract 9.3 10.3! 5.6) 7.2 | 85.6 
0.1 N NaOH wash 7.3| 7.6] 3.1 
wash 4.1 3.0] 2.0}; 0.0 
21.4 | 17.9 | 12.2 | 16.8 | 88.7, aque- 
ous 6.5 } 
| 
pH 1, 1 hr. | CHCl; extract —60.0 | 0.0) 0.0) 0.7 | 84.8 } 
0.1 N NaOH wash 0.0; 0.0; 0.0; 0.0} 4.9 
H2O wash 0.0; 0.0! 0.0 

ous 8.9 

pH 1, 24 hrs. CHCl; extract 0.0; 0.0} 0.0! 0.7 | 84.2 ; 

0.1 N NaOH wash 0.0} 0.0; 0.0} 0.0} 5.1 
wash 0.0| 0.0; 0.0} 0.0) 0.0 
ous 9.2 { 
Hot 15 volume % CHCl, extract 9.3 | 12.3 | 13.6 | 16.6 | 58.0 
HCl 0.1 NaOH wash | 8.1] 6.8| 5.7| 7.3 | 23.3 
wash 0.0}; 0.0} 0.0; 0.0; 1.0 1 
] 
17.4 | 19.1 | 19.3 | 23.9 | 82.3, aque- 

ous 12.0 
a 
Extracts and washes...................... 39.9 | 38.5 | 31.5 | 43.7 € 
57.5 | 57.5 | 60.0 | 45.0 ( 
97.4 | 96.0 | 91.5 | 88.7 7 
* For each hydrolytic step, 10 y of hydrocortisone-4-C" and 40 y of hydrocortisone I 
; were added to a separate sample of bile from control BF animals. 
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after the hydrolytic procedures with each route of administration, the quan- 
tities found in each fraction before and after enterohepatic circulation were 
not the same. The very minute amounts of C™ found in the ‘free’? form 
and in the weak acid-hydrolyzed fractions of some biles and the lack of C™ 
in others after recirculation suggest that an increased metabolic transforma- 
tion of some type may have occurred in the intestinal tract or liver. How- 
ever, the major types of conjugates found after this recycling were the same 
as those found after the first passage through the liver. 

The excretion of urinary metabolites of hydrocortisone-4-C™ in the 
“free” form is shown by the data presented in Table VI. The finding of 
from 14.3 to 19.5 per cent of the radioactivity in this unconjugated form is 
less than that found after subcutaneous injection (32 per cent) of the same 
steroid (5). Conjugation of the urinary metabolites with glucuronic acid 
was small but was expected, in view of the amounts excreted via the bile 
in this form. Weak acid released relatively small quantities of radioac- 
tivity, and extraction after the strong acid procedure removed about 20 
per cent of the C™ from the urinary extracts. The amount of C' found in 
the aqueous remainder of control urine after the strong acid procedure, 34 
per cent, was somewhat greater than that previously found with bile (about 
12 per cent) and serves to point out the difficulties in deciding whether 
hydrolysis or destruction (30, 31) of the metabolites was the primary ac- 
tion. The amounts of radioactive metabolites remaining in the non-hy- 
drolyzable form were of the same order as those found in the urine after 
subcutaneous injection (47 per cent) (5). 

Nadel and coworkers (32) have reported that, whereas CHCl; does not 
extract the 68-hydroxyl form of hydrocortisone, extraction with ethyl ace- 
tate effectively removes this compound. To determine the amount of 
radiometabolites having the same solubility as this compound, aliquots of the 
initial solutions of bile and urine were first extracted with CHCls, as out- 
lined in Diagram 1. Then the aqueous remainders were extracted three 
times with 3 volumes of redistilled ethyl acetate and the extracts were 
washed with water and alkali in the same manner as described for the 
CHCl; extracts. Radioassay showed that from 1 to 3 per cent of the C™ 
in bile was present in the washed ethyl acetate extracts. However, from 
14 to 20 per cent of the radioactivity was found in similar extracts of urine, 
the smallest amount being found after intravenous injection, the largest 
after intramuscular administration. The amount of radioactivity in these 
ethyl acetate-soluble fractions of urine is greater than that found in the 
CHCl;-soluble fractions after both enzymatic and weak acid hydrolysis. 
These extracts could contain the 68-hydroxyl and other metabolites of 
hydrocortisone in the “free”? or conjugated forms with the same polarity. 

It has been seen that the water-soluble metabolites of hydrocortisone- 


TaBLeE VI 
Fractionation of Radiometabolites in Urine after Various Routes of 
Administration of Hydrocortisone-4-C'4 to Normal Animals 
Per cent radioactivity found in pooled urine 
Type of hydrolysis* Route of administration 
Control 
Intra- | Intra- Sub- Intra- 
venous |muscular| lingual | gastric 
None CHC); extract 12.3 | 14.1 13.0} 9.2 | 92.5 
0.1 N NaOH wash 2.6 7 1.8; 2.6] 1.0 
H20 wash 2.0 2.7 2.8| 2.5! 0.0 
16.9 | 19.5 |) 17.6 | 14.3 | 93.5, aque- 
ous 4.7 
B-Glucuronidase CHCl; extract 3.2 4.1 4.1 2.4 | 81.0 
0.1 N NaOH wash 2.7 2.9 3.8| 2.5 
H.O wash 0.5 0.8 1.0 0.6. 0.0 
ous 11.7 
pH 1, 1 hr extract 0.8} 1.3] 0.6] 88.5 
0.1 N NaOH wash 2.0 ay 2.5; 1.9] 1.8 
H.2O wash 0.0 0.0 0.0 0.0) 0.0 
ous 5.3 
pH 1, 24 hrs. CHCl; extract 0.6 0.8 0.7 | 0.6 | 90.0 
0.1 N NaOH wash 0.8 1.2 1.2; 1.1)! 0.8 
H2O0 wash 0.0 0.0 0.0; 0.0) 0.4 
ous 8.7 
| 
Hot 15 volume % | CHCl; extract 15.4 11.4 14.8 | 11.9 | 58.7 : 
HCl 0.1 N NaOH 6.2 5.9 6.1) 5.3! 5.8 | 
H20 wash 1.0 1.5 0.0; 1.3) 0.8 | 
22.6; 18.8 | 20.9 | 18.5 | 65.3, aque- 
ous 34.4 
Extracts and washes 49.9 | 51.6 | 53.1 | 43.3 
Aqueous remainder 52.0 | 48.4 | 47.5 | 55.7 
Total recovery 101.9 | 100.0 | 100.6 | 99.0 
* For each hydrolytic step, 10 y of hydrocortisone-4-C™ and 40 y of hydrocorti- 
sone were added to a separate sample of control urine. 
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4-C™ constitute the major fraction of the C' excreted in bile and urine in 
the rat. This same type of metabolite has also been reported in human 
urine and bile (33) after administration of radiohydrocortisone, although 
in smaller amounts. In their study of the intestinal contents of mice after 
intravenous injection of hydrocortisone-4-C™, Cope and Sewell (34) re- 
ported that less than half of the C'* was CHCl;-soluble even after acid 
hydrolysis. These workers emphasized both the magnitude and the lack of 
identity of the chloroform-insoluble products. In an effort to delineate the 
solubility characteristics of this fraction, all the aqueous remainders after 
strong acid hydrolysis were extracted with ethyl acetate, as previously de- 
scribed. The quantities of C“ found in these extracts were the same (from 
27 to 45 per cent) as those found in the extracts of the control aqueous re- 
mainders, the value of 100 per cent being taken as the amount of C™ in 
the aqueous solutions before extraction with ethyl acetate. These data 
indicate that strong acid changes both hydrocortisone and its metabolites 
into compounds of this polarity and solubility to the same degree and there- 
fore is of doubtful use as a fractionating procedure. Perhaps the radio- 
metabolites of hydrocortisone-4-C™ in the aqueous remainder fractions 
contain carboxyl or additional hydroxy] groups or both, and these account 
for their water-soluble nature. 

From an analysis of the data available, it seems reasonable to conclude 
that varying the route of administration of hydrocortisone-4-C™ to rats 
causes different excretion rates of the radiometabolites, but that the 
amounts eliminated via the bile, urine, and feces are independent of the 
route of administration. The quantities of radioactivity extracted before 
hydrolysis and after treatment with $-glucuronidase and weak or strong 
acid demonstrate that, while there is a variation in the degree of conjuga- 
tion, the types of conjugates excreted appear to be the same. While the 
studies did not measure the intensity of the physiological response elicited 
by hydrocortisone, it is of interest to note that only those BF animals 
given the steroid intravenously required KCl orally for survival. Whether 
or not the differences in the sites and rates of absorption of hydrocortisone 
and the resulting differences in the quantity and type of metabolites ex- 
creted by the various routes can be correlated with the physiological fune- 
tion of the hormone remains unanswered. 


SUMMARY 


In doses of 50 y, hydrocortisone-4-C™ was administered to rats intra- 
venously, intramuscularly, sublingually, or intragastrically, and the radio- 
activity in the excreta and expired air was determined. More than half 
of the C" given was found in the feces of normal animals, the remainder in 
the urine. No radiocarbon was found in the expired air. The rate of 


1080 METABOLISM OF HYDROCORTISONE-4-c!4 


excretion of radioactivity in normal rats was greatest after intravenous 
injection and decreased in order with sublingual, intramuscular, and in- 
tragastric routes of administration. About 91 per cent of the C™ given 
intravenously was excreted in the bile of animals with biliary fistulas, 
whereas only 80 per cent was eliminated via this pathway after administra- 
tion by other routes. Approximately two-thirds of the radioactive bile 
excreted by donor animals, which had been given hydrocortisone, was ab- 
sorbed from the intestinal tracts of recipient bile fistula animals and re- 
excreted primarily in the bile. Fractionation of the C™ present in bile 
and urine showed that the major portion of the radioactivity was in the 
non-hydrolyzable water-soluble form not extractable with CHCl;, although 
appreciable amounts of glucuronic acid conjugates were found. Urine 
from normal animals contained small amounts of non-conjugated radio- 
metabolites, whereas bile had only negligible amounts. The chemical 
nature of the biliary and urinary radiometabolites excreted varies slightly 
with different routes of administration of the hormone. 


The authors wish to acknowledge the technical assistance of Miss Vija 
Rogainis and Miss Ruth Miller. 
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PROTEINS IN MULTIPLE MYELOMA 


VII. THE FREE AMINO GROUPS OF BENCE-JONES PROTEINS* 


By FRANK W. PUTNAMf ano AIKO MIYAKE 


(From the Department of Biochemistry and the Argonne Cancer Research Hospital, 
University of Chicago, Chicago, Illinois) 


(Received for publication, February 11, 1957) 


A century of intermittent investigation has failed to produce a system- 
atic physical and chemical characterization of Bence-Jones proteins that 
would serve for the classification of these unique urinary constituents in 
multiple myeloma or for the clarification of their possible metabolic rela- 
tionship to normal proteins or to pathological serum globulins. Early ob- 
servations on occasional specimens have suggested that the Bence-Jones 
proteins excreted by different individuals were not identical (1-4). More 
recently it has been shown by extensive physical (5, 6), end group (7), and 
immunological analyses (8, 9) that different patients with multiple mye- 
loma do, in fact, excrete biologically and molecularly dissimilar urinary 
proteins. However, quantitative amino acid analyses are limited to single 
specimens without adequate evidence of molecular or electrophoretic ho- 
mogeneity. Indeed, several hypotheses as to the metabolic origin of 
Bence-Jones proteins are based upon incomplete analyses, suggesting a 
methionine deficiency (9, 10). Hence, it seemed imperative to undertake 
a chemical characterization of a number of specimens that had been well 
investigated by both electrophoretic and ultracentrifugal analyses. For 
this purpose, analysis for N-terminal amino acids rather than for total com- 
position has been chosen, for the end group determination serves both as 
a means of structural characterization and as a criterion of chemical ho- 
mogeneity. This communication summarizes the molecular properties, 
the N-terminal groups, and the antigenic types of fourteen Bence-Jones 
proteins, four of which were crystallized. Although no two of these pro- 
teins proved to be identical with each other in all the properties studied, 
significant correlations have appeared, particularly between the antigenic 
type and the nature of the N-terminal group. The importance of these ob- 
servations is considered in reference to the metabolic origin of the proteins. 


* Aided by research grants of the National Cancer Institute, National Institutes 
of Health (No. C1331-C5), and the American Cancer Society (No. BCH-28). 

t Present address, Department of Biochemistry, College of Medicine, The J. Hil- 
lis Miller Health Center, University of Florida, Gainesville, Florida. 
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EXPERIMENTAL 


Isolation of Bence-J ones Proteins—F¥or this study, subjects were selected 
in whose urine Bence-Jones protein comprised 95 per cent or more of the 
electrophoretically demonstrable protein.! This greatly facilitated the iso- 
lation procedure. The Bence-Jones proteins (designated A, B, etc.) in- 
clude eight specimens previously described (7), five isolated more recently 
(T, Lu, Bo, He, and Be), and a crystalline protein (Ho) received from an- 
other laboratory.2. The proteins were isolated by ammonium sulfate pre- 
cipitation; crystallization in some instances was effected by exhaustive 
dialysis against distilled water (11). 

Electrophoretic and Ultracentrifugal Analyses—Electrophoretic and ul- 
tracentrifugal analyses were carried out as previously described (5). Mo- 
bilities at 0° in Veronal buffer, pH 8.6, are given for the descending bound- 
ary and are expressed in units of cm.’ sec.~ volt—! designated ‘‘u.” 
Sedimentation constants were corrected to water as solvent at 20° (s20,y) 
and are expressed in Svedberg units (S). Because no appreciable effect of 
concentration upon s29,. was found for several specimens, the values given 
are uncorrected for the protein concentration. 

With the exception of preparation He, each of the proteins migrated with 
a single electrophoretic boundary and sedimented with a single ultracen- 
trifugal boundary under the usual conditions of study. However, as 
previously illustrated (5), the boundaries were sometimes skewed or hyper- 
sharp and were not always enantiomorphic. Upon protracted electro- 
phoresis at pH 8.6, several proteins gave some evidence of electrophoretic 
anomalies, for example a splitting of either the ascending or descending 
boundary (see Putnam and Stelos ((5), Fig. 1, F-G@)). Although this 
phenomenon is often interpreted as arising from the electrophoretic disso- 
ciation of complexes, no evidence was found for distinct separation into 
several components over a wide pH range above pH 5, at which level the 
proteins retain molecular stability. The sedimentation diagrams of all the 
proteins were similar to those already published for specimens A, B, C, 
and D (5). 

Analysis for N-Terminal Amino Acids—N-Terminal amino acid residues 
were identified and estimated by use of the fluorodinitrobenzene (EF DNB) 
method of Sanger (12), with modifications introduced by other authors and 
by ourselves. ‘To assure uniformity of corrections for loss, the conditions 
of hydrolysis were kept constant (24 hours in a sealed tube in 6 N HCl in 
an oven at 110°), exposure to light was minimized, and the column separa- 
tion and spectrophotometric estimation were completed rapidly. 


1 Our criteria for Bence-Jones proteins have been defined (5). 
2 We are indebted to Dr. J. EK. Hotchin of the University of British Columbia, 
Vancouver, B. C., for specimen Ho. 
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The ether-soluble dinitrophenol (DNP) amino acids were separated by 
two chromatographic steps, the first on Celite columns with ethyl acetate 
as an eluent, the second on silica gel with solvent systems containing vari- 
ous mixtures of methyl ethyl ketone and chloroform (5:95, 15:85, 30:70, 
v/v).2. Both columns were buffered at pH 6.5 with phosphate. The sepa- 
rated DNP amino acids (except lysine) were estimated quantitatively from 
the light absorption at 350 my in the Beckman spectrophotometer (12). 
The identification was completed by chromatography on paper with at 
least two different solvent systems, e.g. tert-amyl alcohol-phthalate and 
decalin-glacial acetic acid (14, 15). In some cases, the amino acid residues 
were verified by barium hydroxide cleavage of the DNP derivative and 
paper chromatography of the free amino acid (16). It should be noted 
that none of these procedures distinguishes between a dicarboxylic acid 
and its amide in the N-terminal position; moreover, proline cannot be 
rigorously excluded as an end group because its DNP derivative decom- 
poses readily.4. Most determinations were repeated several times on sam- 
ples of approximately 100 mg. of protein. Corrections for the recovery of 
individual amino acids and for the protein content of the DNP derivatives 
were made in accord with published procedures (18). To permit compari- 
son for proteins of different s2o, all the results are expressed as moles of 
N-terminal residues per 44,000 gm. (the molecular weight of proteins A and 
D and others of similar s99). 

Analysis for e-Lysine Residues—Because of the apparent absence of 
N-terminal amino acids in some Bence-Jones proteins, as judged by the 
failure to detect appreciable quantities of ether-soluble DNP amino acids, 
the acid hydrolysates were rigorously examined for water-soluble DNP 
derivatives of basic amino acids. The hydrolysates were freed from HCl 
by use of a flash evaporator and aliquots were chromatographed on a col- 
umn of Celite previously triturated with 1 Nn HCl. With a mobile phase 
of 66 per cent (v/v) methyl ethyl ketone-ether, the Ry of DNP-e-lysine is 
about 0.35. The presence of DNP-arginine and DNP-histidine was ex- 
cluded by the use of the same mobile phase on a Celite column prepared 
by triturating with formaldehyde-water (1:9, v/v) neutralized to pH 7. 


3 Celite, Johns Manville No. 545. Silica gel was prepared according to Tristram 
(13). Aspartic acid, glutamic acid, serine, threonine, and glycine (listed in the order 
of increasing Ry) are adsorbed by the Celite. Silica gel separates the other DNP 
amino acids and the colored artifacts. 

4 N-Terminal aspartic acid is sometimes cleaved in the reaction with FDNB, and 
this may account for the fractional quantities of other apparent end groups (17). 
Some evidence for adsorbed amino acids or peptides was found by the more sensitive 
carboxypeptidase method for ascertaining C-terminal groups. However, the same 
results were obtained with proteins devoid of detectable amino end groups as for 
those having N-terminal aspartic acid (J. L. Blatt and F. W. Putnam, unpublished 
data). Further work on the stoichiometry of the end groups is in progress. 


ted 
the 
iso- 
in- 
tly 
an- 
re- 
lve 
ul- 
[o- 
d- 
of 
en 
th 
n- 
as 
T- 
ic 
1g 
11s 
O- 
0 
1e 
1e 
) 
d 
1S 
n 
Ll, 


1086 PROTEINS IN MULTIPLE MYELOMA 


The e-lysine residues were estimated quantitatively from the absorption 
at 390 my (12). 

Antigenic Typing—Dr. Leonhard Korngold of the Sloan-Kettering Insti- 
tute for Cancer Research kindly determined the antigenic types of twelve 
of our specimens by use of the agar diffusion technique. Because of the 
immunological relationship between Bence-Jones proteins and y-globulin, 
anti-y-globulin sera as well as anti-Bence-Jones sera could be used for the 
typing (8). Although only two major antigenic types are reported (A 
and B), subtler differences among the specimens in each group could be 
detected by use of a variety of sera. It is not known whether types A 
and B accord with the two major antigenic types earlier reported (2, 3). 


Results 


The results of the determination of the physical constants (Table I) and 
of the free amino groups (Table II) reveal the wide spectrum of types oc- 
curring among the fourteen individual Bence-Jones proteins.’ However, 
all proteins of Group A have an 82,, of about 3.4 S and lack N-terminal 
aspartic acid, whereas all proteins with N-terminal aspartic acid (or aspar- 
agine) are in Group B, though, to be sure, Group B falls into the two major 
sedimentation classes (s20,0 = 3.48 or 2.2 §) first reported by Svedberg 
and Sjggren (1). This is the first evidence for an accord of physical and 
chemical properties with immunological classification.® 

In a preliminary report covering eight of the above specimens, we con- 
cluded that no two were identical in all physical or chemical properties 
studied (7). Hence, it appeared almost as if each patient excreted his 
individual Bence-Jones protein. This impression persists despite the new 
evidence for a correlation of antigenic types with physicochemical factors. 
For example, of the four crystalline proteins, all were in antigenic Group A, 
had an s2,. = 3.4 8, were homogeneous in electrophoresis and ultracen- 
trifugation, and lacked N-terminal aspartic acid. Indeed, preparations Lu 
and Bo were alike in all properties observed except crystal habit. Three 
of the four proteins had no detectable amino end groups (KE, Lu, and Bo), 
whereas the fourth (Ho) had N-terminal isoleucine plus an unidentified 


5 Qualitative end group analyses by other workers indicate that still other types 
exist. Biserte (19) found aspartic acid as the N-terminal group in five specimens, 
valine in a sixth, and valine plus lysine in a seventh. Glutamic acid has been iden- 
tified as the only amino end group in another Bence-Jones protein (20). 

6 In a private communication, K. Woods and R. L. Engle of the Cornell Univer- 
sity Medical College, New York, have confirmed the relationship of antigenic type 
and amino end groups reported in this paper. Of four Bence-Jones proteins which 
they analyzed, two with aspartic acid end groups were in the immunologic Group 
B of Korngold, while two proteins without detectable amino end groups were in 


Group A. 
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end group. Yet, at pH 8.6, the mobility of the four ranged from —1.4 u 
(E) to —4.3 u (Ho). Although no two proteins of either type A or type 
B are entirely identical in all properties listed, there is a close similarity 
among the five proteins without a detectable end group. It would seem, 


TABLE I 
Physical Constants of Bence-Jones Proteins 


Mobility (pH 8.6) | S29 | Crystals 


Protein Serum type oelectic point 


Group A, antigenic type A 


u S 
? 6.7 —1.4 3.36 
T Nt —1.8 3.36 
D B 5.5 —2.4 3.44 
Lu ? —2.5 3.44 t 
Bo —2.6 3.44 t 
G 5.6 —2.6 3.28 
B " 4.6 —4.2 3.14 
Ho ? —4.3 3.46 


Group B, antigenic type B 


Ag ¥ —2.2 2.14 

F B 4.9 —3.4 3.08 

Ma N —4.0 2.25 

A B 4.75 —4.7 3.41 
Group C, antigenic type undetermined 

He ¥ —3.4 2.50 

Be N —2.5 


* Proteins crystallized by salt precipitation. 

t N signifies ‘‘normal’’ type of serum, 7.e. no increase in total protein and no pre- 
dominant myeloma globulin peak. 

t Proteins crystallized by dialysis against distilled water. 


then, that the Bence-Jones proteins conform in most properties to a re- 
stricted number of classes despite the clear variation observed among in- 
dividual specimens. 

The most sensitive criterion for differentiating the individual specimens 
was electrophoretic mobility. Since this property is greatly affected by a 
difference in a number of even a few basic groups as well as by carbohydrate 
content, investigation was made of each factor. However, the four speci- 
mens with about the same mobility at pH 8.6 showed almost as great a 
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range in the number of e-lysine residues as did the whole group (see Table 
II). Carbohydrate determinations on five of the specimens showed a con- 
tent below 1 per cent and no significant difference in distribution.” It is 


TABLE II 
N-Terminal and Lysine Groups of Bence-Jones Proteins* 
The values are given in moles per 44,000 gm. 


Protein (Aspartic acid ae Serine Threonine Tyrosine | Valine | Isoleucine| e-Lysine 
Group A, antigenic type A 
Kt 0.01 0.05 25.7 
T 0.23 27.4 
D 0.06 0.04 0.04 (20) 
Lut 27.5 
Bot 26.8 
G 1.08 22.4 
B Trace Trace 0.57 
Hot 1.87t 
Group B, antigenic type B 
Ag 1.84 29.0 
F 1.69 0.13 0.08 0.05 24.6 
Ma 1.17 0.07 0.03 0.16 
A 1.50 0.07 0.12 0.05 22.2 
Group C, antigenic type undetermined 
He Trace 0.12 0.08 0.40 1.37§ 
Be | 0.27 0.04 0.96 23.7 


The major end groups are italicized. The parentheses indicate a single determi- 
nation on an inadequate sample. The procedure does not distinguish between a 
dicarboxylic acid and its amide in the N-terminal position. 

* Blank spaces indicate undetected amino end groups and undetermined e-lysine 
groups. 

+t Crystalline proteins. 

t Plus 0.64 mole of an unidentified residue (value uncorrected for loss). 

§ Plus 0.19 mole of alanine. 


of interest that a similar variation in mobility and isoelectric point of four 
myeloma globulins was attributable both to amino acid composition and to 
carbohydrate content (21). 

To ascertain whether the differences in properties among the Bence-Jones 


7 Carbohydrate determinations were kindly reported to us by R. J. Winzler of the 
University of Illinois, College of Medicine, Chicago. 


Ss Ss Ss Ss 


t 
a 
e 
( 
u 


F. W. PUTNAM AND A. MIYAKE 1089 


proteins are secondary owing to degradative changes during the excretory 
process, studies are being made of the properties of proteins reinjected into 
the donor patient or into experimental animals. In one such experiment, 
an apparently electrophoretically homogeneous sample of an isotopically 
labeled preparation, He, was reinjected into the patient. Labeled protein 
recovered from the urine had suffered very little change in mobility and 
electrophoretic pattern at pH 8.6. We are now studying the physico- 
chemical properties of protein recovered from the urine after an isotopically 
labeled preparation, Bo, was injected into rabbits.® 


DISCUSSION 


Study of Table I fails to reveal any relationship of the nature of the serum 
electrophoretic pattern with antigenic type or with physical or chemical 
properties of the Bence-Jones proteins. Likewise, no relationship of the 
Bence-Jones proteins to the abnormal serum globulins can be deduced 
either from the nature or the abundance of the free amino groups. All 
myeloma globulins thus far investigated contain from one to four N-ter- 
minal groups per 160,000 gm., usually aspartic or glutamic acid, and nor- 
mal y-globulin has approximately 1 mole of each dicarboxylic acid as a free 
amino group (21-24). On the other hand, five of the Bence-Jones proteins 
had no detectable free amino groups in stoichiometric proportions, whereas 
the specimens with measurable N-terminal groups such as aspartic acid 
had from 5 to 7 moles per 160,000 gm. In other words, the peptide chain 
of Bence-Jones proteins in some cases is much shorter than that of the 
serum globulins, and in other cases the peptide chain is possibly cyclic, but 
again differs from that of the serum globulins. In only two cases (prepara- 
tions Ag and F) have we determined the amino end groups of the Bence- 
Jones protein and of the myeloma globulin of the same patient. The Ag 
globulin had 2.0 moles of N-terminal aspartic acid per 160,000 gm. or a 
chain length about 4 times that of the Ag Bence-Jones protein. The F 
globulin had both aspartic and glutamic acids in the N-terminal position 
and also had a longer average chain length than that of the F Bence-Jones 
protein. 

A similar lack of evidence for relationship between Bence-Jones proteins 
and myeloma globulins prevails in regard to physical properties. The pro- 
teins of Table I have isoelectric points from 1 to 3 pH units lower than those 
of most myeloma globulins. Correspondingly, the Bence-Jones proteins 
usually have greater mobilities at pH 8.6.° Both the low frictional ratio 


8 Unpublished experiments of Franz Meyer and Frank W. Putnam. 

® The e-lysine content per 10° gm. of all the Bence-Jones proteins examined except 
D, G, and A exceeds that of certain myeloma globulins and of normal human y-glob- 
ulin fractions II-1, 2 and II-3, but approximates that of other myeloma globulins 
(20). 
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and the lack of dependence of s29 on protein concentration for Bence-Jones 
proteins suggest that the latter are less asymmetric than the myeloma glo- 
bulins. 

None of the data are in accord with the hypothesis that Bence-Jones 
proteins are derived by degradative cleavage of the abnormal globulins in 
the kidney (6). In such a case one might expect to find large open chain 
polypeptides that were (1) asymmetric, (2) heterogeneous with regard to 
physical properties and amino end-groups, (3) and thus non-crystalilzable. 
The listed attributes, in fact, apply to normal y-globulin rather than to 
Bence-Jones proteins, and the lack of amino end groups in five specimens in 
Table II is incompatible with the cleavage hypothesis. Indeed, the re- 
markable feature of the Bence-Jones proteins that must be explained in 
any hypothesis of their origin is the physical and chemical homogeneity of 
the immunologically distinct specimens from different patients. 

The diversity in properties of the homogeneous Bence-Jones proteins 
obtained from different individuals is also difficult to reconcile with the 
hypothesis of a common metabolic block at methionine for all patients." 
However, the data are not incompatible with the occurrence of a number 
of individually characteristic metabolic blocks resulting in a failure to com- 
plete protein synthesis within the plasma cells, which are considered to be 
sites of antibody globulin production. 


SUMMARY 


Purified Bence-Jones proteins from fourteen patients with multiple mye- 
loma have been studied by ultracentrifugal, electrophoretic, amino end 
group, and immunological analyses. Although apparently homogeneous, 
the proteins differed markedly in physical constants and in ease of crystal- 
lizability. They could be classified into two antigenic types, Groups A 
and B; these types accorded, respectively, with the absence and presence 
of N-terminal aspartic acid. However, within Group A, five proteins 
lacked detectable N-terminal groups whereas other specimens had N-ter- 
minal tyrosine, isoleucine, etc. Similarly, proteins of Group B differed in 
size or electrophoretic mobility. These results suggest that Bence-Jones 
proteins are individually specific, thus raising a question as to their origin 
and possible metabolic function. 
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PYRIDINE NUCLEOTIDE CYTOCHROME c 
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Those enzyme systems, derived from mammalian tissues, which mediate 
the reaction between reduced di- and triphosphopyridine nucleotide! and 
cytochrome c, may be classified in four categories. The first of these is 
the soluble flavoprotein or metalloflavoprotein system studied in detail by 
Horecker (1) and Mahler (2). The second category is the group of enzymes 
associated with microsomal particles in which cytochrome bs; or m (38, 4) 
appears to function as electron carrier. Neither of these systems is 
sensitive to the inhibitor, antimycin A. The third type of system is 
represented by the antimycin A-sensitive pathway of liver mitochondria, 
and has been studied in detail by Chance and Williams (5) while investi- 
gating the role of the respiratory pigments in oxidative phosphorylation. 
The fourth system, the antimycin A-sensitive pathway functioning in 
non-phosphorylating heart muscle homogenates, has been investigated by 
Slater (6), with use of a modified Keilin and Hartree preparation, as well 
as by Estabrook and Mackler (7). These last studies of DPNH oxidation 
by the antimycin A-sensitive pathway have been carried out with systems 
containing the entire complement of cytochromes associated with isolated 
mitochondrial particles, 7.e. cytochromes b, ¢, c, a, and a3. 

The present paper describes spectral and enzymatic studies of a prepara- 
tion obtained from the DPNH oxidase preparation of Mackler and Green 
(8,9). The absence or very low concentration of cytochromes a, a3, and ¢, 
in comparison to those of cytochromes b and c, have permitted an investi- 
gation of the interaction of those pigments transferring electrons from 
DPNH to cytochrome c. The various kinetic relationships, as well as 
the influence of the inhibitors Amytal and antimycin A, have given some 
insight into the complexity of this metabolic pathway of electron transfer. 
The interaction of the pigments in the DPNH cytochrome c reductase 


* This work was supported in part by a grant from the United States Public 


Health Service. 

1 The abbreviation DPNH is used to represent reduced diphosphopyridine nucleo- 
tide. The superscript (+++) indicates the oxidized form of a hemoprotein, and 
(++) the reduced state. Reduced and oxidized flavoprotein are represented by 
rfp and fp, respectively. 
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preparation is shown to differ from that previously described for the 
“intact”? system transferring electrons from DPNH to oxygen. These 
differences are discussed in view of the changes occurring during purifica- 
tion of the respiratory enzymes. 


Preparations 


The DPNH cytochrome c reductase and cytochrome c oxidase were 
prepared from heart muscle by Dr. Bruce Mackler (8, 9). Cytochrome c 
and DPNH were purchased from the Sigma Chemical Company. The 
concentration of DPNH was determined by spectrophotometric assay at 
340 my, the millimolar extinction coefficient of 6.2 being applied (10). 
The concentration of reduced cytochrome c was determined at 550 my 
with the difference of millimolar extinctions (€reduced — €oxidizea) Of 19.1 (11). 


Methods 


The difference spectra were recorded by the “‘split beam” wave length 
scanning spectrophotometric technique described by Chance (12). Low 
temperature spectra were obtained as described previously (13). The 
rates of reduction of the pigments were determined with the fixed wave 
length dual monochromator apparatus, ‘double beam method,” of Chance 
(14). The reduction of cytochrome c; was measured by determining the 
change in optical density at its maximum, 554 my, 540 my being used as 
a reference wave length.2,_ Cytochrome b and flavoprotein were determined 
at 562 minus 575 my and 455 or 465 minus 500 muy, respectively.’ 


Results 


Spectral Properties of Pigments in DPNH Cytochrome c Reductase— 
Fig. 1 (solid curve) shows the difference spectrum of the DPNH reduced | 
minus oxidized pigments of the DPNH cytochrome c reductase preparation. 
The absence of cytochromes a and a; is shown by the lack of their absorp- 
tion bands at 605 and 444 mp. The two bands at about 561 and 554 my 
represent the a-absorption bands of cytochromes b and c, respectively. 
The concentration of these pigments,® as determined from the spectra, 
indicate that cytochromes c, and b are present in concentrations of about 


2 The convention employed is that the first wave length mentioned represents the 
measuring wave length (such as the location of an absorption band maxima of a 
reduced cytochrome), and the second wave length refers to a reference wave length 
(either an absorption band minimum or an isosbestic point). 

3The millimolar extinction coefficients used to determine the concentration of 
cytochrome b was 20, as described by Chance (15). The millimolar extinction 
coefficient of cytochrome c; was presumed to be identical to that for cytochrome 
c, t.e. 19.1. A millimolar extinction coefficient of 11.5 was used to measure the 
content of flavoprotein. 
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7.4 X 107! and 7.0 X 10-'° mole per mg. of protein, respectively. These 
values, when compared to those previously reported for DPNH oxidase, 
viz. 8.0 K 10~'° mole per mg. for cytochrome c; and 6.3 XK 107!° mole per 
mg. for cytochrome b (7), indicate that the concentrations of cytochrome 
c, and b are about the same in both types of preparations. One might 
expect that removal of cytochromes a and a; from the preparation of 
DPNH oxidase would be associated with the removal of a rather large 
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Fic. 1. The difference spectrum of the reduced minus the oxidized pigments of 
the DPNH cytochrome c reductase preparation. Two cuvettes, each containing 
0.5 ml. of preparation (7.8 mg. of protein) and 1.5 ml. of 0.1 m phosphate buffer, 
pH 7.4, were employed. To one cuvette was added 0.04 ml. of a 2 per cent solution 
of DPNH. This caused the reduction of the pigments shown in the solid line curve. 
The dashed curve was obtained by adding DPNH to both cuvettes and then a few 
crystals of solid sodium dithionite to one cuvette. Temperature, 23°; the half 
intensity band width was 1.0 to 1.5 mz. 


amount of protein and thus cause an effective purification of the remaining 
pigments, unless the removal of such hemoproteins is highly specific from 
a particle of large molecular weight. 

Fig. 1 shows the difference spectrum obtained of those pigments reduced 
by sodium dithionite, but not by DPNH. A pigment with an absorption 
band maximum at about 564 my appears, which may represent inactive 
or denatured cytochrome b (15, 16). 

Low Temperature Spectra—In order to ascertain whether cytochrome c 
Was present in the reductase preparations, the pigments were reduced with — 
DPNH and the spectral properties of the preparation examined when the 


‘ Unpublished observation of B. Chance; manuscript in press. 
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samples were cooled in liquid air. The absorption spectrum presented in 
Fig. 2 shows only two major @ absorption bands, that of cytochrome b at 
560 my and that of cytochrome c; at 554 my. The absorption bands at 
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Fic. 2. The low temperature ‘“‘apparent absolute absorption spectrum’”’ of DPNH 
cytochrome c reductase. The sample cuvette contained a mixture of 0.2 ml. of 
enzyme preparation (3.1 mg. of protein), 0.15 ml. of 0.1 mM phosphate buffer, pH 7.4, 
0.05 ml. of a solution of DPNH, and 0.4 ml. of glycerol. The reference cuvette 
contained a mixture of equal volumes of 0.1 Mm phosphate buffer, pH 7.4, and glycerol. 
The dashed line represents the estimated increase in optical density due to unequal 
turbidity of the contents of the sample and reference cuvettes. The contents of 
the cuvettes, after being cooled in liquid air, were warmed to about —55° to cause 
the formation of the microcrystalline turbid state (Condition II). After reimmersion 
in liquid air, the difference in optical density between the turbid sample containing 
the enzyme preparation and the turbid reference containing no enzyme preparation 
was automatically recorded. Temperature, about —190°; optical depth of cuvettes, 
1 mm.; half maximal band width, 0.6 mg. 


529 and 523 muy represent the 6 bands of reduced cytochromes b and ¢, 
respectively. The presence of cytochrome c is indicated only by the 
shoulder on the short wave length side of the a band of reduced cytochrome 
cy. This spectrum would indicate that the cytochrome c content is very 
low compared to that of cytochrome c,. The addition of known con- 
centrations of purified cytochrome c of heart muscle to the preparation 
before reduction and treatment in liquid air showed that the endogenous 
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cytochrome ¢ concentration in the DPNH cytochrome ¢ reductase prep- 
aration Was less than 10 per cent that of cytochrome c; or b. 

Reaction with Cytochrome e—The rate of reduction of cytochrome c 
(—dce***/dt) was determined with high substrate concentrations of 
DPNH and various cytochrome ¢ concentrations by observing the change 
in optical density at 550 my. A plot of the results is presented in Fig. 3. 
The concentration of cytochrome c necessary for half maximal rates of 
reduction of this pigment is 1.75 & 10-® mole per liter. The results for 
the metalloflavoprotein system as reported by Vernon et al. (17) and 
cytochrome b; of liver microsomes? give values of 1.2 K 107-4 and 8.3 X 10-6 
M, respectively. The differences in the values obtained with the various 
systems may be interpreted to show the relatively high affinity of the 
antimycin A-sensitive pathway for cytochrome c in comparison to the anti- 
mycin A-insensitive pathways, viz. metalloflavoprotein and cytochrome bs. 

The data presented in Fig. 3 may also be used to calculate a value 
equivalent to a maximal Qo, of the system. This can be determined from 
the maximal rate of cytochrome c reduction by use of the formula: Qo, = 
micromoles of cytochrome c reduced per second X 4 electron equivalents X 
22.4 wl. per umole X 3600 seconds per hour. Such a calculation gives a 
Qo, of about 50 ul. of O2 consumed per hour per mg. of protein. This 
low value (cf. the Qo, of 750 to 1000 for the DPNH oxidase preparation) 
means that a considerable amount of the enzymatic activity has been 
destroyed during the preparation or storage of the enzyme, as a result 
of either the treatment with sodium cholate and trypsin or the fractiona- 
tion with ammonium sulfate. This loss of enzymatic activity is further 
exemplified by the slow rates of reduction of cytochromes c,; and b in the 
preparation studied here as compared to those of the DPNH oxidase 
preparation (18) (see below). 

Kinetics of Reduction of Pigments in Reductase Preparation—The addi- 
tion of substrate (DPNH) causes a rapid reduction of the pigments pres- 
ent in the reductase preparation. This is shown in Fig. 4 in which a 
composite drawing of the photographic recordings, as obtained at the 
wave lengths indicated for cytochromes ¢, b, and flavoprotein, is presented. 
These experiments were carried out with the dual monochromator (double 
beam) technique devised by Chance (14), with the sample cooled to 3°. 


5 Unpublished results of Dr. Martin Klingenberg. 

6 Dr. Mackler states that fresh preparations of the enzyme are capable of oxidizing 
2.5 umoles of DPNH per minute per mg. of protein at 38°. This would be equivalent 
toQo, of 1680 wl. of O2 per hour per mg. of protein. Since samples were not thawed 
during air transportation from Madison, Wisconsin, to Philadelphia, one must 
presume that the enzyme loses considerable activity upon freezing and storage in 
the frozen state. 
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Inspection of the curves in Fig. 4 shows that flavoprotein is reduced 
much more rapidly than cytochrome c, and that cytochrome c; is reduced 
more rapidly than cytochrome b. The data from the initial portion of 
the curves of reduction of cytochromes c; and b may be plotted on semi- 
logarithmic paper and a pseudo first order velocity constant for the reac- 
tions estimated. The reduction of flavoprotein is so fast (ton of less than 
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Fig. 3. The influence of cytochrome c concentration on the rate of electron trans- 
port tocytochromec. The reaction cuvette contained 0.1 mM phosphate buffer, pH 7.4, 
DPNH cytochrome c reductase preparation (0.042 mg. of protein), and cytochrome 
c of various concentrations to a final volume of 2 ml. Reactions were initiated by 
the addition of 20 ul. of al per cent DPNH solution. The initial rate of reduction 
of cytochrome c was determined from the change in optical density at 550 mz during 
the first 30 seconds of the reaction. The reference cuvette was identical to the 
sample except for the addition of DPNH. The dashed lines indicate the concentra- 
tion of cytochrome c at which the half maximal rate of reduction of cytochrome c 
occurred. The presence of 50 mm sodium azide in the assay system had no measur- 
able effect upon the rate of reduction of cytochrome c at all the concentrations 
tested. Temperature, 23°. 


1 second)’ that, under the conditions in which these experiments were 
conducted, one can simply estimate a minimal value of the velocity con- 
stant for the reaction of DPNH and flavoprotein. Table I summarizes 
the rates of reduction, the estimated first order velocity constants, and 
the half time (t:.n) for reduction of the pigments. 

The rates of reduction of the pigments suggest that cytochrome b is not 
actively participating in the transfer of electrons from DPNH to cyto- 
chrome c; and that the reaction between reduced flavoprotein and cyto- 


7 tyon i3 the time in seconds required to reduce the concentration of oxidized pig- 
ments to one-half. It is related to the first order velocity constant by tjon = 0.693/k. 
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DPNH Seconds 
Fic. 4. Reduction of the pigments of DPNH cytochrome c reductase by DPNH. 
The sample cuvette contained 1.8 ml. of 0.1 M phosphate buffer, pH 7.4, containing 
1 per cent serum albumin and 0.2 ml. of reductase preparation (3.0 mg. of protein). 
The change in optical density due to cytochromes c; and b and flavoprotein was 
determined at wave length settings of 554 — 540 mu, 562 — 575 my, and 465 — 500 mu, 
respectively. The reaction was initiated by the addition of 5yl. of a 0.5 per cent 


DPNH solution. An upward deflection indicates an increase in optical density. 
Temperature, 3°. 


TABLE I 


Velocity of Reduction and Estimated Constants for Reduction of Pigments 
Present in DPNH Cytochrome c Reductase from Heart Muscle 


Uninhibited Inhibited with Amytal 
Pigment Calculated Calculated 
Rate of reduction Rate of reduction ony 
constant constant 
mole per mg. per sec. mole per mg. per sec. 
Cytochrome c..... 0.6-0.8 X 10° | 0.2 3.9 |0.06-0.1 X 0.02 
0.1-0.2 107° 0.03 21.0 < 0.01 XK 
Flavoprotein......| 1.7-2.0 107 0.7 1.0 |1.7 -2.0 0.8 


IXxperimental conditions are as described for Figs. 4 and 7. 
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chrome ¢, is a limiting reaction. Chance and Williams (5) have represented 
such a system schematically as follows 


cytochrome b 


DPNH — 


> fp » eytochrome c; > (eytochrome c) 


The term, “Slater’s factor” (f in the scheme of Chance and Williams), 
has been omitted since there is no direct evidence for its presence in this 
preparation. Cytochrome c has been placed in parentheses to signify 
that it represents exogenous cytochrome c which may be used as a terminal 
electron acceptor during the experiments. 

We have presumed from the rates of reduction of the endogenous pig- 
ments that the above scheme is appropriate to represent electron transport 
from DPNH to cytochrome c in the preparation studied. This may not 
be true if the rates of reduction of either flavoprotein or cytochrome ¢, 
(the latter serving as a more definitive test since its reaction with reduced 
flavoprotein appears to be a limiting reaction) are not compatible with the 
rate of reduction of cytochrome c when this pigment is employed as terminal 
electron acceptor. Unfortunately, due to a limitation in the amount of 
preparation available, only preliminary experiments could be carried out. 
These experiments, however, indicated that cytochrome c is reduced 3 to 
5 times more rapidly than cytochrome c,;. This would mean that flavo- 
protein was the only pigment reduced at a rate comparable with that of 
cytochrome c. This point has been studied in detail and confirmed with 
a DPNH and succinate cytochrome c reductase preparation, and will be 
reported in a subsequent publication.® 

Influence of Antimycin A on Rates of Reduction—The reduction of 
cytochrome c by DPNH, as mediated by the heart muscle preparation, is 
inhibited by antimycin A. The influence of this inhibitor upon the rates 
of reduction of cytochromes b and c is summarized in Fig. 5. This 
shows that increasing concentrations of antimycin A cause a decrease in 
the rate of reduction of cytochrome c; and, conversely, that increasing 
concentrations of antimycin A cause an increase in the rate of reduction 
of cytochrome b. This influence of antimycin A on the rate of reduction 
of cytochrome b was first observed by Chance® during studies of the 
succinoxidase system of heart muscle particles. The rate of reduction of 
flavoprotein (not shown) does not appear to be influenced by antimycin A. 

8 Estabrook, R. W., Rabinowitz, M., and deBernard, B., manuscript in prepara- 


tion. 
® In work submitted for publication. 
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Fig. 5 also shows that the decrease in the rate of reduction of cytochrome 
¢, occurs concomitant with the increase in the rate of reduction of cyto- 
chrome b. This has been interpreted to mean that cytochromes ¢; and b 
may be competing for reducing equivalents from flavoproteins. As 
antimycin A is added to the system, inhibiting the flavoprotein to cyto- 
chrome c, reaction, electrons are shunted to cytochrome b. Such an 
analysis infers that the site of antimycin A inhibition is more directly 
concerned with the reduction of cytochrome c, rather than with the 


5 
& of Antimycin A 


Fic. 5. The influence of varying concentrations of antimycin A on the rates of 
reduction of cytochromes c; and 6b. The reaction vessel contained 1.6 ml. of 0.1 M 
phosphate buffer, pH 7.4, and 0.4 ml. of enzyme preparation (5.6 mg. of protein). 
Varying concentrations of antimycin A (0.5 mg. per ml.) were added about 1 minute 
before the addition of 0.01 ml. of 0.5 per cent solution of DPNH. The temperature 
of the reaction was maintained at 3°. The reduction of cytochromes 5 and c; were 
determined from the change in optical density at 562 — 575 my and 554 — 540 mug, 
respectively. 


Rate of Reduction (M x ssec) 


oxidation of reduced flavoprotein. Thus, one site of inhibition of electron 
transport by antimycin A is between reduced flavoprotein and oxidized 
cytochrome ¢,. The failure to obtain 100 per cent inhibition of the reduc- 
tion of cytochrome c; may be due to the binding of the antimycin A by the 
high concentration of protein present in the reaction vessel. 

The influence of antimycin A upon electron transport, by using the 
DPNH cytochrome c reductase preparation, may be shown in a second 
way. If DPNH is added to reduce the pigments and then a trace amount 
of cytochrome c and cytochrome oxidase is added, one has effectively 
reconstructed a DPNH oxidase system in which the cytochrome c oxidase 
portion is limiting. Fig. 6, A and B, shows that the addition of antimycin 
A to such a system causes an oxidation of cytochrome c; to a more oxidized 
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steady state, whereas cytochrome b becomes more reduced. This ‘‘cross- 
over point” (according to the terminology of Chance and Williams (5)) 
assigns a second point of inhibition by antimycin A between cytochromes 
c, and b. The decrease in the concentration of reduced cytochrome c, in 
the steady state, resulting after the addition of antimycin A, as well as 
the oxidation of cytochrome b upon addition of the oxidase mixture in 
the absence of antimycin A, is simply a reflection’® of the ratios of the 
velocity of the reducing and oxidizing reactions (15). 

Effect of Amytal—Experiments similar to those described above have 
been carried out with sodium Amytal as inhibitor (19, 20). At Amytal 
concentrations of 0.5 mM, the rate of reduction of both cytochromes b and 
c, has decreased to almost immeasurable rates, while the velocity of reduc- 
tion of flavoprotein appears to be as fast as in the uninhibited state. The 
rates of reduction of the pigments in the presence of Amytal as well as the 
rates obtained foran uninhibited preparation are presented in TableI. The 
results with this preparation would indicate that Amytal affects the 
oxidation of reduced flavoprotein, thus inhibiting the reaction between 
reduced flavoprotein and the cytochromes. Chance has reported (20) the 
results obtained with phosphorylating liver mitochondria, in which case he 
showed that Amytal affects the reduction of flavoprotein (7.e. a site of 
inhibition is between DPNH and flavoprotein). This effect has been 
verified in other phosphorylating systems such as rat heart sarcosomes, 
mitochondria prepared from ascites tumor cells, and whole ascites cells. 
It thus appears that two major differences are apparent when the ability 


10 This may be interpreted by using the following application of steady state 
kinetics (15). The reactions may be represented as follows 


Donor + pt*t ae product + ptt (1) 
(d) (py. — p**) (p**) 
pt* + acceptor + product (2) 
(p**) (a) 


where d represents the concentration of donor supplying reducing equivalents to an 
oxidized pigment (p***+), causing the reduction of the pigment to pt*. The reduced 
pigment (p++) may be subsequently oxidized by an acceptor (a) to regenerate oxi- 
dized pigment. The total pigment concentration is p;. The formation of p** 
may be represented by 


+ + 
k,(d)(p, — p**) — ke(pt*) 

In the steady state dp*+/dt = 0 and p,; — p*+/pt* = kea/kid. The ratio of oxidized 
to reduced pigment is therefore dependent upon the product of the respective veloc- 
ity constant times the acceptor or donor concentration. 
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of the respiratory chain to couple with phosphorylation is destroyed. 
These are the lag in the rate of reduction of cytochrome b and the locus 
of inhibition of respiration by Amytal. 
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Fig. 6. Effect of antimycin A on the steady state of cytochromes b and c;. Curve 
A, cytochrome c; (554 — 540 my); Curve B, cytochrome b (563 — 575 my). The 
sample cuvette contained 0.4 ml. of reductase preparation (5.6 mg. of protein) and 
1.6 ml. of 0.1 m phosphate buffer, pH 7.4; 20 ul. of 1 per cent DPNH solution, 0.1 ml. 
of a mixture of diluted cytochrome c and cytochrome oxidase preparation, and 25 
y of antimycin A are added as indicated. An upward deflection indicates an increase 
in optical density; 7.e., an upward deflection represents reduction of the pigment 
being observed and a downward deflection indicates oxidation. Temperature, 
25°. 


== = == === 


DPNH = DPNH H oxidase = 
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A B 

Fic. 7. Effect of sodium Amytal on the steady state of cytochromes b and ¢. 
Curve A, cytochrome c; (554 — 540 my); Curve B, cytochrome b (563 — 575 my). 
The contents of the sample cuvette, DPNH solution, and cytochrome oxidase mix- 
tures are as described in Fig. 6; 0.02 ml. of a 0.05 m solution of sodium Amytal was 
added as indicated. As in Fig. 6, an increase in optical density is indicated by an 
upward deflection in the tracing. Temperature, 25°. 


Experiments were also carried out to measure the effect of Amytal on 
the oxidation of reduced cytochromes 6 and c;. As shown in Fig. 7, A and 
B, a rather unexpected result was obtained. When Amytal is added after 
DPNH to a preparation containing limiting amounts of added cytochrome 
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c and oxidase, one sees first a change in the steady state of cytochrome b 
to the oxidized state. Cytochrome c,, however, does not seem to change 
its steady state until about 2 minutes after the addition of Amytal. This 
time lag corresponds to the time required for cytochrome b to become 
totally oxidized. The cytochrome c is then rapidly oxidized. One 
interpretation of the time lag in the oxidation of cytochrome c, is that 
cytochrome b can serve as substrate for cytochrome c, and that cytochrome 
c, does not become oxidized until most or all of the reducing equivalents 
are transferred from cytochrome b."! 

Titration Experiments—The results described above have been obtained 


Seve. 
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Fic. 8. The titration of cytochrome c; by DPNH and K;Fe(CN),. The sample 
cuvette contained 0.4 ml. of enzyme preparation (6.2 mg. of protein) and 1.6 ml. of 
0.1 m phosphate buffer, pH 7.4, containing 1 per cent bovine serum albumin. Wave 
length setting was 554 — 540 mu. Each addition of DPNH (A) was 2 ul. of a 1.5 X 
10-*m solution. Each addition of K;Fe(CN)., (B) was 2yl. of a 2.3 10-4M solution. 
An upward deflection indicates an increase in optical density and reduction of the 
pigment. Temperature, 3°. 


with high concentrations of substrate (DPNH). The addition of low 
concentrations of DPNH causes only a partial reduction of the respiratory 
pigments, and, by continued small additions of DPNH, one may effectively 
titrate the reduction of the pigments. In a similar way, the reduced 
pigments may be oxidized by adding small aliquots of potassium ferri- 
cyanide. 

The result of one such titration experiment is presented in Fig. 8 in 
which the reduction and subsequent oxidation of cytochrome c; are shown. 
In Fig. 8, an upward deflection indicates an increase in optical density at 
554 mu, and thus a reduction of cytochrome c¢,. Similar experiments have 
been carried out to measure the changes in optical density at the wave 


11 Chance and Higgins (unpublished results) have obtained the same type of lag 
during computer studies of the interaction of the respiratory enzymes. This is 
related to the ‘“‘cushioning effect’”’ seen with titration by inhibitors. 
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lengths used to measure cytochrome b and flavoprotein. A composite 
plot of these changes in optical density versus the microliters of reducing or 
oxidizing reagent added is presented in Fig. 9, from which it can be seen 
that the first few additions of DPNH reduce flavoprotein and cytochrome 
c;. Higher concentrations of DPNH are necessary before cytochrome b 
becomes reduced. In Fig. 9, potassium ferricyanide has been added at 
Points A and B in order to back-titrate the pigments to the oxidized state. 
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Fic. 9. The titration of pigments by DPNH and K;Fe(CN),. The sample cuvette 
contained 0.4 ml. of enzyme preparation (6.2 mg. of protein) and 1.6 ml. of 0.1 m 
phosphate buffer, pH 7.4, containing 1 per cent of bovine serum albumin. The 
wave length settings employed were those described for Fig. 4. The concentration 
of DPNH was adjusted so that 1 wl. represented 3 K 107!° mole of reducing equiva- 
lents. The concentration of K;Fe(CN), was 0.23 mm; 7.e., 1 ul. represented 2.3 X 
10-19 mole of oxidizing equivalents. A and B represent the points at which 
K;Fe(CN), was added to the partially reduced pigments. The solid curves show 
the reduction titration with DPNH; the dashed curves the oxidation by K;Fe(CN).. 
Temperature, 3°. 


The concentration of potassuim ferricyanide necessary to reoxidize the 
pigments gives a measure of the recovery of reducing equivalents added 
in the form of DPNH. Such a calculation shows that about 85 to 90 per 
cent of the reducing equivalents added as DPNH may be recovered by 
back-titration with potassium ferricyanide. A calculation of the balance 
of reducing equivalents added and pigments reduced shows that there is a 
correlation at low DPNH levels but there is a deviation from the theoreti- 
cally expected relationship at high DPNH concentrations. Many explana- 
tions may be offered to account for this result; however, it is felt that 
further experimentation will be necessary to clarify this point. 
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DISCUSSION 


Up to the present time, it has been tacitly assumed that isolated portions 
of the respiratory chain will operate by the same pathways and mechanisms 
as the whole system. The results presented in this paper on the kinetic 
study of a DPNH cytochrome c reductase preparation indicate that this 
hypothesis may be incorrect. This poses many questions concerning 
factors influencing the interaction of the respiratory carriers. One is the 
question of what differences are observed when one disrupts the electron 
chain during the course of purification, and is best answered by comparing 
the scheme proposed to represent electron transfer in liver mitochondria 
carrying out oxidative phosphorylation (Fig. 10, A) and that proposed for 
the preparation studied here (Fig. 10, B). 
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(A) Phosphorylating Liver Mitochondria 
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(B) DPNH—Cytochrome c Reductase 
Fic. 10. Schematic representation of cytochrome interaction 


From the results presented for the two types of material, one would 
conclude that disruption of the respiratory chain causes an alteration 
wherein new possibilities for respiratory pigment interaction could be 
obtained. This does not preclude the possibilities that such activities as 
seen in the DPNH cytochrome c reductase preparation are not present in 
the phosphorylating system. There is at present, however, no evidence to 
indicate that such alternative pathways are functioning in the intact 
system. Thus, the direct interaction of flavoprotein and cytochrome c 
may be a feasible, but not an operative reaction, to elicit electron transport 
in the phosphorylating system. The fact that the site of inhibition with 
Amytal is different in the two types of systems may be a reflection of this 
alteration in enzymatic activity. 

Chance and Williams (5) have discussed the observation that disruption 
of mitochondrial structure causes a loss not only in phosphorylative 
activity but also in the ability of cytochrome b to participate actively in 
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electron transport. When one further subdivides the respiratory chain, 
as illustrated by the preparation studied here, it appears that one has 
affected not only the rate of reduction of cytochrome b but also that of 
cytochrome ¢;. Indeed, one may obtain preparations devoid of hemo- 
proteins in which flavoprotein alone may serve as electron carrier to 
cytochrome c (1, 2). With respect to the question of what may be pro- 
posed to explain the observed decrease in electron flux as well as the 
apparently modified electron transfer pathway, one may speculate on the 
hypothesis of an “alteration of structural organization.” This alteration 
may result from a disruption of the proximal relationship of the cyto- 
chromes either by a physical displacement or by the loss of a necessary 
cofactor. A second possibility is that the modification may be manifested 
by an “exposure” of the flavoprotein dehydrogenase, permitting a series 
of interactions which could not be elicited in the intact system. This 
hypothesis seems at present to be the more reasonable to explain the 
results presented in this paper, 7.e. the establishment of reactions between 
flavoprotein and either cytochrome b, ¢:, orc. The paucity of information 
on the significance of these changes, however, indicates that extrapolation 
of data from the purified systems, as an aid in interpretation of the more 
physiological intact system, must proceed cautiously and indeed should 
await further experimentation. 


It is a pleasure to acknowledge the advice and guidance of Professor 
Britton Chance during the course of this work and the preparation of the 
manuscript. We are indebted to Dr. Bruce Mackler for supplying the 
enzyme preparations without which this investigation would have been 
impossible. 


SUMMARY 


1. Spectrophotometric studies of a preparation of reduced diphosphopyri- 
dine nucleotide (DPNH) cytochrome c reductase from heart muscle have 
been presented, showing the complement of respiratory pigments to be 
principally cytochromes 6 and c; and flavoprotein with comparatively low 
concentrations of cytochrome c and an absence of cytochromes a plus a3. 

2. The velocity of reduction of these pigments by DPNH indicates that 
flavoprotein is reduced more rapidly than cytochrome c; and that cyto- 
chrome c; is reduced more rapidly than cytochrome b. 

3. The inhibitor, antimycin A, appears to block the reaction between 
reduced flavoprotein and cytochromes ¢c; and c, as well as between reduced 
cytochrome b and cytochromes c and ¢;. 

4. The inhibitor, Amytal, appears to block the reaction between reduced 
flavoprotein and cytochrome ec, ¢, or b in this type of preparation. 
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5. Titration experiments with either DPNH or K;Fe(CN). have shown 
that all the reducing equivalents added to the preparation cannot be 
accounted for by the reduction of cytochromes ¢, 6, or flavoprotein. 

6. The heterogeneity of reactions which may occur upon disruption of 
the respiratory chain has been discussed. 
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A previous report from this laboratory (1) has described the growth- 
supporting ability of a-amino-n-butyric acid (ABA) and related compounds 
for several pyrimidineless mutants of the mold, Neurospora crassa, and 
has suggested that this compound is utilized by this organism as a source 
of the 3-carbon chain of the pyrimidine ring. The present communication 
describes tracer studies with ABA-3-C"™ designed to test this possibility. 


EXPERIMENTAL 


Materials—ABA-3-C"™ with a specific activity of about 1 me. per umole 
was obtained from the California Foundation for Biochemical Research. 
This material was mixed with unlabeled ABA to obtain a sample of the 
amino acid with an activity of 4.8 & 10‘ ¢.p.m. per umole in one experi- 
ment and 9.6 X 10‘ in another. Paper chromatography and subsequent 
radioautography of the resulting mixture yielded a single ninhydrin- 
positive spot coincident with a single radioactive area. 

Specific Radioactivity Determinations—Radioactivity determinations were 
made by pipetting 1 ml. aliquots of solutions of the various compounds 
into platinum planchets, removing the solvent by evaporation under an 
air stream, and counting in a Tracerlab internal flow Geiger counter. 

The concentrations of amino acid solutions were determined by the 
ninhydrin method of Moore and Stein (2) with a Klett-Summerson photo- 
electric colorimeter. Known amounts of each of the compounds were 
subjected to the same treatment for the preparation of standard curves. 

The concentrations of solutions of the purine and pyrimidine bases and 
nucleotides were determined from optical density measurements against 
a suitable reagent blank in a Beckman spectrophotometer, model DU, 
with use of appropriate molar extinction coefficients. 

Organisms—N. crassa 1298, a pyrimidine-deficient strain capable of 
growth in the presence of ABA, was used throughout the present experi- 
ments. 


* This work, taken mainly from a thesis submitted by R. L. Herrmann to Michigan 
State University in partial fulfilment of the requirements for the degree of Doctor 
of Philosophy, was supported in part by contract No. AT(11-1)-289, United States 
Atomic Energy Commission. 
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Growth Procedure—In each experiment 250 ml. of basal medium (3) 
supplemented with 100 mg. of the ABA-3-C™ were distributed among 
twenty 125 ml. flasks. The procedures used for sterilization, inoculation, 
and incubation followed closely those described previously (1). The 
mycelial pads resulting from growth of the mold for 4 days were collected 
by filtration of the growth medium through a sintered glass funnel. The 
mycelial mass was washed once with water and then allowed to stand in 
acetone for 15 minutes. After removal of the acetone, the mycelium was 
placed in a desiccator for 24 hours. A brittle disk was obtained which 
weighed about 400 mg. This was then ground to a fine powder in a mortar 
with the aid of 120 mesh carborundum. 

Isolation of Ribonucleic Acid Nucleotides—The acid-soluble constit- 
uents of the powdered mycelium were removed by three consecutive 
extractions with 10 ml. portions of ice-cold 10 per cent trichloroacetic 
acid (TCA). The solid materials remaining were washed once with 80 per 
cent ethanol and then treated three times with boiling 3:1 ethanol-ether 
to remove any residual lipides. The acid-insoluble, lipide-free material 
was suspended in 5 ml. of N KOH and allowed to stand for 24 hours at 
room temperature to hydrolyze the ribonucleic acid (RNA) to the mono- 
nucleotide stage. After most of the protein and deoxyribonucleic acid 
was removed by acidifying to pH 3 with perchloric acid and centrifuging, 


the solution of nucleotides was taken to pH 11 with KOH. The KCIO,— 


precipitate, along with a few suspended protein particles, was removed by 
filtration through a sintered glass funnel. The nucleotide solution was 
then allowed to filter into a column of Dowex 1 anion exchange resin 
(1 sq. em. X 27 cm., Cl-, 50 to 100 mesh, X12). The resin was washed 
with 200 ml. of water to remove non-anionic impurities and the nucleotides 
were then eluted with 200 ml. of 2 nN HCl. Evaporation of this solution 
gave about 5 mg. of the mixed nucleotides. 

Separation and Purification of RNA Bases—The mixture of RNA 
nucleotides was heated with 0.5 ml. of concentrated HClO, on the steam 
bath for 40 minutes to produce the free purine and pyrimidine bases. 
The mixture was diluted to 5 ml., filtered to remove carbon particles, and 
allowed to flow into a column of Dowex 50 resin (1 sq. cm. X 27 cm., Ht, 
100 to 200 mesh, X12). Uracil was removed from the column with a 
water wash. Cytosine was eluted with 2 Nn HCl, followed by the elution 
of guanine with 3 N HCl and adenine with 4 N HCl. The elution of the 
bases was followed by optical density measurements at 260 my on successive 
fractions of the eluate. The first few fractions, containing uracil, HCI]Og, 
and other non-cationic substances, were pooled and evaporated to a few 
ml. The pH of the solution was adjusted to 11 with KOH, the KCIO, 
precipitate was removed by filtration, and the solution was chromato- 
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graphed on a Dowex | column (1 sq. cm. X 10 em., Cl-, 50 to 100 mesh, 
X8). The uracil was then eluted with 0.015 M ammonium formate, 
pH 8.0. 

Preliminary comparisons of the radioactivity and ultraviolet absorption 
of various chromatographic fractions of each of the bases demonstrated 
that appreciable quantities of radioactive impurities were present. As a 
purification procedure, each of the bases was subjected to chromatography 
on Whatman No. 1 filter paper by using the 2-propanol-HCl-water solvent 
of Wyatt (4). The solution of each purine and pyrimidine base was 
applied to the paper as a narrow band about 6 inches in width. After 
development of the chromatogram, each base was located with the aid of 
an ultraviolet lamp, eluted with 0.1 N HCl, and rechromatographed on an 
ion exchange column as described above, the Dowex 50, H* column being 
used for cytosine, guanine, and adenine and the Dowex 1, Cl~ column for 
uracil, 

After this treatment, satisfactory agreement was found in each case 
between the ultraviolet absorption and C™ content of the chromatographic 
fractions of each base. In addition, the optical density ratio at 260 to 
250 my for the purines and 260 to 280 my for the pyrimidines conformed 
closely to the values obtained with samples known to be of high purity. 
It was concluded, therefore, that the solutions of the bases were free from 
significant quantities of radioactive or ultraviolet-absorbing impurities. 

In the experiment for which the specific radioactivity of the ABA was 
4.8 X 104 c.p.m. per umole, both pyrimidines, cytosine and uracil, were 
found to have activities near 5 X 10° ¢.p.m. per wmole. The purines, 
adenine and guanine, on the other hand, were labeled to the extent of 
only 900 ¢.p.m. per umole. Essentially similar values were found for the 
second experiment in which the activity of the ABA was 9.6 X 10‘ ¢.p.m. 
per wymele. The detailed data for these experiments are presented in 
Table I. 

Isolation of Nucleotides from TCA Extract—The acid-soluble fraction 
Was extracted with ether to remove the TCA and the aqueous layer was 
concentrated to a few ml. by evaporation im vacuo. Portions of this 
solution were chromatographed. on Whatman No. | filter paper with use 
of the butanol-formic acid-water solvent of Markham and Smith (5). 
The nucleotide band, remaining at the origin in this solvent, was eluted 
and divided into two parts. One of these was evaporated to dryness, the 
residue was dissolved in N HCl, and the solution was heated on the steam 
bath for 1 hour. A nucleotide believed to be uridine 5-phosphate was 
separated from this solution by paper chromatographic procedures, with 
the 2-propanol-HCl-water mixture and the isobutyric acid-ammonia 
solution of Magasanik et al. being used as solvents (6). Identification of 
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the compound as uridine 5-phosphate was based on the chromatographic 
behavior of the substance, the stability to acid hydrolysis, and the absorp- 
tion spectrum. In all cases these properties conformed closely to those 
of the authentic compound. 

The remaining portion of the nucleotide fraction was taken for the 
isolation of adenosine 5-phosphate, with use of tert-butyl alcohol-HCI- 
water (7) as the solvent system for paper chromatography. Identification 


TABLE 


Radioactivity of Compounds Isolated from N. crassa 1298 after 4 Days Growth 
in Presence of Aminobutyric Acid-3-C' 


Specific radioactivity 
Compound 
Experiment 1 Experiment 2 
c.p.m. per pmole c.p.m. per pmole 

Ribonucleic acid components 

Adenine 900 2,100 

Guanine 900 2,200 

Uracil 4,800 7,000 

Cytosine 5,000 7,500 
Acid-soluble components 

Adenosine 5-phosphate 800 

Uridine 5-phosphate 4,000 

Aminobutyric acid 5,600 
Protein amino acids 

Aspartic acid 300 700 

Glutamic “ 600 900 

Threonine 300 

Leucine 800 

Isoleucine 8, 200 
Aminobutyric acid-3-C' supplied 48 , 000 96 , O00 


of the compound was again based on the Fy value and on the ultraviolet 
absorption spectrum. 

The specific activity of the adenosine 5-phosphate was in good agree- 
ment with the values previously obtained for the nucleic acid purines, 
about 800 c.p.m. per umole. Similarly, the value for the uridine 5-phos- 
phate, 4000 c.p.m. per umole, was of the same order of magnitude as that 
previously measured for the pyrimidines of the nucleic acids. 

Isolation of Aminobutyric Acid from TCA-Soluble Fraction—Preliminary 
chromatograms of portions of the ether-extracted, TTCA-soluble fraction 
of the mycelium of strain 1298 disclosed the presence of appreciable 
amounts of a radioactive, ninhydrin-positive substance with an Ry in the 
butanol-formic acid-water solvent of 0.27, identical with that of ABA. 
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The compound was eluted and chromatographed with butanol-ammonia- 
water (8) and subsequently with phenol-water-cupron (9). The chromato- 
graphic behavior of the compound in each of these solvents was the same 
as that of known ABA. It was concluded, therefore, that the material 
was ABA. Specific activity measurements at each chromatographic 
stage gave essentially the same value in each case, indicating that the 
compound was free from radioactive or ninhydrin-positive contami- 
nants. 

The activity of this reisolated ABA was found to be considerably lower 
than that of the compound added to the medium, 5600 ¢.p.m. per umole 
as compared with the original value of 96,000. 

Similar chromatograms of the TCA-soluble fraction of the wild type 
strain, grown in the absence of exogenous ABA, also yielded a compound 
believed to be ABA by virtue of the chromatographic behavior of the 
substance in the various solvent systems. For the wild type strain as 
compared with the mutant strain, considerably lower amounts of the 
compound were judged to be present. 

Isolation of Various Amino Acids from Mycelial Protein—The acid- 
insoluble material remaining after removal of the RNA nucleotides from 
the mycelial preparation was suspended in Nn NaOH and stirred for 12 
hours at room temperature. The substances which remained insoluble 
throughout this process were removed by filtration. Acidification of the 
filtrate with HCl resulted in the reprecipitation of the protein. The 
major portion of the precipitate dissolved on suspension in 95 per cent 
ethanol. The insoluble substances were removed by filtration and the 
solvent was removed from the filtrate by evaporation. Approximately 
75 mg. of a white, amorphous material were obtained, presumably con- 
sisting mainly of prolamines. 

The protein preparation was hydrolyzed with 4 ml. of 6 N HCl for 
24 hours on the steam bath. The mixture was filtered and the filtrate 
evaporated to dryness. The amino acid residue was dissolved in a few 
ml. of water and applied to a Dowex 50 column (2 sq. ecm. X 30 cm., Ht, 
50 to 100 mesh, X4). The resin was washed with water and the amino 
acids were then removed by elution with 2 Nn HCl. The solvent was 
removed by evaporation and the residue was dissolved in a few ml. of 
water. 

The amino acids were separated by a variety of paper chromatographic 
procedures. The most useful of these employed a strip of Whatman No. 3 
filter paper, 18 K 120 cm. ‘The amino acid solution was applied as a 
narrow band running almost the width of the paper. ‘The solvent used 
was butanol-formic acid-water. The amino acid bands resulting after 
development of the chromatogram by the descending method were located 
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by spraying a narrow strip of the paper with 0.02 per cent ninhydrin in 
water-saturated butanol and heating at 85° for 15 minutes. The amino 
acids were identified by comparison with similar chromatograms of known 
amino acids. 

In the solvent used, the basic amino acids, present only in small amounts, 
remained near the origin and were not examined further. Well separated 
bands were obtained which corresponded to aspartic acid, proline, threo- 
nine, valine, and leucine-isoleucine, along with a band of glutamic acid 
mixed with small amounts of serine and glycine. 

The mixture of leucine and isoleucine was partially separated by rechro- 
matography with water-saturated butanol (9), a solvent in which leucine 
has an Ry of 0.46 and isoleucine 0.41. Again strips of Whatman No. 3 
paper, 120 cm. in length, were used. In addition, the solvent was allowed 
to drip from the saw-toothed lower edge of the paper, thereby increasing 
the distance of travel of the amino acids and improving the degree of 
separation. The ninhydrin-located bands of the two amino acids were 
clearly defined, although not completely separated. For specific activity 
measurements, therefore, only the leading portion of the leucine band and 
the trailing portion of the isoleucine band were used. It is felt that 
cross-contamination of each amino acid with the other was reduced in 
this way toa very small degree. The isoleucine fraction was also subjected 
to a third chromatographic procedure by using phenol-water-cupron as 
developing solvent. 

The other aliphatic amino acids for which good bands were obtained in 
the initial chromatographic separation were purified in similar fashion by 
rechromatography with use of the phenol-water-cupron solvent. 

Most of the amino acids were found to be labeled only to a slight degree 
about 300 to 600 c.p.m. per umole. The single exception to this general 
conclusion was isoleucine, which was found to have an activity of 8200 
¢.p.m. per umole. 


DISCUSSION 


Since the pyrimidine-deficient N. crassa 1298 grows well in a medium 
in which pyrimidine compounds have been replaced by ABA, a logical 
explanation for the growth-promoting effect of the amino acid would 
appear to be its use by the mold as a precursor of the pyrimidine ring. 
Should such utilization involve the 8-carbon of the ABA chain, one would 
expect to find that the specific radioactivity of the pyrimidines formed by 
the mold during growth in the presence of ABA-3-C™ would be the same 
as that of the ABA originally added to the culture medium. This result 
was not obtained in the present experiments. The pyrimidines isolated 
from the RNA of the mold were found to have specific activities ranging 
from one-tenth to one-fifteenth of the activity of the ABA-3-C" used. 
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These findings appear to indicate that the B-carbon of the amino acid 
had no specific role in pyrimidine production. However, the C™ content 
of both RNA pyrimidines was found to be considerably greater than that 
of most of the other constituents of the mold mycelium which were ex- 
amined, about 4 times that of the RNA purines and about 10 times that 
of various amino acids. On this basis, it would seem that a relatively 
specific, although not obligatory, utilization of the 8-carbon of the ABA 
for pyrimidine production did occur. 

A possible reconciliation of these two conflicting views is suggested by 
the isolation from the acid-soluble fraction of the mycelium of an amino 
acid which was identified as ABA. This reisolated compound was found 
to have a specific radioactivity of about one-twentieth that of the ABA-3-C™ 
supplied to the mold. This dilution of the radioactivity of the ABA 
itself demonstrates that considerable de novo synthesis of this compound 
occurred during growth of the fungus. 

A similar conclusion may be reached by considering the observed labeling 
of the isoleucine derived from the protein of the mold. Abelson and 
Vogel (10) and Adelberg et al. (11) have shown that ABA is an excellent 
precursor of isoleucine in Neurospora, presumably being first deaminated 
to give the a-keto acid. This keto acid appears to lie on the normal 
pathway to isoleucine in this organism. In the present experiments the 
isoleucine was found to have a specific activity similar to that of the 
pyrimidine compounds and to that of the reisolated ABA, and much lower 
than that of the ABA-C"™ supplied. Obviously the a-ketobutyric acid 
used for the biogenesis of the isoleucine was derived chiefly from sources 
other than the isotopic ABA. 

Both of these lines of evidence lead to the conclusion that the endogenous 
synthesis of ABA or a closely related compound from the non-labeled 
carbon sources of the medium occurred in considerable quantity; yet it 
must be remembered that the mold requires ABA for growth in the absence 
of pyrimidines. A similar case of an organism needing a compound for 
growth, yet synthesizing the compound during growth, has been reported 
for a tryptophan-deficient strain of N. crassa by Bonner, Yanofsky, and 
Partridge (12). | 

This situation complicates the reaching of a decision concerning the 
possible role of ABA in pyrimidine biogenesis in this organism. However, 
of the various compounds examined in these experiments, only the pyrimi- 
dines and isoleucine, for which ABA is known to be a rather direct precursor, 
were labeled to a significant extent. These results lead us to conclude, 
therefore, that the growth-promoting ability of ABA for the mutant 
strain, NV. crassa 1298, is directly related to the use of this compound as a 
pyrimidine precursor. 

The route of the utilization of ABA is as yet unknown. ‘The failure of 
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the mutant to show a growth response to aspartic acid (1) and the low 
labeling of the aspartic acid obtained from the fungal proteins in the 
present experiments indicate that free aspartic acid is not involved in 
this pathway. The involvement of aspartic acid in pyrimidine formation 
might have been expected from consideration of the work of Lieberman 
and Kornberg (13). The present work does not preclude the possibility 
that a derivative of aspartic acid which can be converted to pyrimidines 
is formed from the ABA. 


SUMMARY 


Aminobutyric acid-3-C™ has been used in tracer experiments designed 
to determine whether the growth-promoting ability of this compound for 
the pyrimidineless Neurospora crassa 1298 is related to its use as a precursor 
of the pyrimidine ring. Significant labeling was found only for the pyrimi- 
dines, cytosine and uracil, and for isoleucine among a number of com- 
pounds examined. Even for these compounds, however, considerable 
dilution of the radioactive carbon was observed. A discussion of the 
significance of these results is given, leading to the conclusion that amino- 
butyric acid acts as a pyrimidine precursor for this mutant strain of Neuro- 
spora. 
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Blood: Bovine, antiproteolytic activity, 
Sale, Priest, and Jensen, 83 
Fatty acids, transport, Mead and Fil- 
lerup, 1009 
Oxygen saturation, determination by 
spectrophotometry, Gordy and Drab- 
kin, 285 
Body fluid(s): Amylase, determination, 
Smith and Roe method, Smith and 
Roe, 357 
Bone: Powdered, solubility, Nordin, 
551 
Borate: Diphenol oxidation, inhibition, 
by tyrosinase, Yasunobu and Norris, 
473 
Brain: Mitochondria, disrupted, phos- 
phorylation, oxidative, Abood and 
Alexander , 717 
Butyric acid-3-C'*: Amino-. See Amino- 
butyric acid-3-C!4 


C 


Carboxylase: De-. See Decarboxylase 
Carboxylic acid: Thiazolidine-. See 
Thiazolidinecarboxylic acid 
Carcinogen: N-2-Fluorenyldiacetamide, 
glutamate oxidation, inhibition, 
Kielley, 91 
Carcinoma: Adrenal, isolation of ster- 
oids, Salhanick and Berliner, 583 
Khrlich ascites, methionine incorpora- 
tion, Rabinovitz, Olson, and Green- 
berg, 217 
See also Myeloma 
Carnosine: Thiophene analogue, syn- 
thesis and properties, Dunn, 575 
Carotenoid(s): Human, fractions, sep- 
aration, on alumina, Blankenhorn, 
963 
Catalase: Normal and neoplastic tissue, 
inhibition, Alexander, 975 
Catechol amine(s): Release, from ad- 
renal medulla, Carlsson, Hillarp, and 
Hokfelt, 243 
Choline: Cytidine diphosphate, synthe- 
sis, Borkenhagen and Kennedy, 
951 
Phosphatidyl-. See Phosphatidylcho- 
line 


INDEX 


Chymotrypsin: Acetyl, analogues, Me- 
Donald and Balls, 727 
Coenzyme: Dissociation, kynurenine 
transaminase, kidney, Mason, 61 
Collagen: Bacterial, purification, assay, 
and mode of activation, Gallop, Seif- 
ter,and Meilman, 891 
Corticotropin(s): Peptides, acid hydroly- 
sates of, identification, Li, Cole, 
Chung, and Léonis, 207 
Cortisone-4-C'!*:; Hydro-. See Hydro- 
cortisone-4-C!4 
Cysteine: L-, mitochondria from, via 
thiazolidinecarboxyliec acid, Mac- 
kenzte and Harris, 393 
Cysteine: Formyl-. See Formyleysteine 
Cytidine: Diphosphate choline, synthe- 
sis, Borkenhagen and Kennedy, 
951 
Cytochrome: c, reductase, heart muscle, 
Estabrook, 1093 


D 


Deaminase: Adenylic acid. See Ade- 
nylic acid deaminase 
Decarboxylase: 5-Hydroxytryptophan, 
kidney, characteristics, Buzard and 
Nytch, 225 
Dehydrogenase: Dehydrouracil, purifi- 
cation and properties, Campbell, 
693 
Hydroxymethyl tetrahydrofolic, Ha- 
tefi, Osborn, Kay, and Huennekens, 
637 
Dehydrouracil: Dehydrogenase, purifi- 
cation and properties, Campbell, 
693 
Deuterium: Pyridine nucleotides, incor- 
poration, by grana, San Pietro and 


Lang, 483 
Diaphragm: Glycolytic systems, rat, 
Shaw and Stadie, 115 


Diet(s): Fat-free and supplemented, 
fatty acid, distribution, Mead, 

1025 

Diphosphopyridine nucleotide: Cyto- 

chrome c reductase, heart muscle, 
kinetic properties, Estabrook, 

1093 

Dissociation constant: Carbonic acid, in 

human erythrocyte, Deane and 

Smith, 101 


‘ 
? 
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we 
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Disulfide(s): Reduction, enzymatic, | Formaldehyde: Mitochondria from, via 
Pihl, Eldjarn, and Bremer, 339 thiazolidinecarboxylic acid, Mac- 

E kenzie and Harris, 393 


Eicosapolyenoic acid(s): Glycerophos- 
phatides, beef liver, Montag, Klenk, 


Hayes, and Holman, 53 
Embryo: Chick, New Hampshire, 
Schjeide and Ragan, 1035 


Enzyme(s): Co-. See Coenzyme 
Phospho-. See Phosphoenzyme 
See Aldolase, Amylase, etc. 
Enolase: Enzyme. See Enzyme enolase 
Enzyme enolase: [Equilibrium studies, 
Wold and Ballou, 301 
Kinetic studies, Wold and Ballou, 
313 
Erythrocyte: Human, carbonic acid, dis- 
sociation constant, Deane and Smith, 
101 
Metabolism, methemoglobin reduc- 
tase, isolation and properties, Huen- 
nekens, Caffrey, Basford, and Gabrio, 


261 
Escherichia coli: 6-Mercaptopurine, ef- 
fects, Bolton and Mandel, 833 


Ethionine: Inhibition, methionine incor- 
poration into proteins, Ehrlich as- 
cites carcinoma, Rabinovitz, Olson, 
and Greenberg, 217 


F 


Fat: Depot, carotenoid fractions, separa- 
tion, alumina, Blankenhorn, 963 
Fermentation: Nicotinic acid, bacterial, 


Harary, 815 
Nicotinie acid, end products, Harary, 
815 


Ferritin: Hepatic, iron release, uric acid 
metabolism, relation, Green and Ma- 


zur, 653 
Fibrin: Monomer, inactivation, Hhren- 
preis and Scheraga, 1043 


Flavin cofactor(s): Sheep thyroid, io- 
dinating system, effect, Tong, Tau- 
rog, and Chaikoff, 773 

Flavoprotein: -Catalyzed pyridine nu- 
cleotide, reaction mechanism, Weber, 
Kaplan, San Pietro, and Stolzenbach, 

27 

Fluorenyldiacetamide: N-2-. See Car- 


cinogen 


Serine, incorporation, Kisliuk, 805 
Formate: Dissimilation, cell-free bac- 
teria, extracts, furacin effect, Asnis, 
Glick, and Fritz, 863 
Formimino-.L-aspartic acid: N-, inter- 
mediate, conversion of imidazoleace- 
tic to formylaspartic acid, Hayaishi, 
Tabor, and Hayaishi, 161 
Formylaspartic acid: Conversion, from 
imidazoleacetic acid, Hayaishi, Ta- 
bor, and Hayaishi, 161 
Formylcysteine: N-, synthesis in mito- 
chondria, from formaldehyde and 
L-cysteine, Mackenzie and Harris, 


393 
Fructokinase: Liver, Parks, Ben-Ger- 
shom, and Lardy, 231 


Furacin: Formate dissimilation, cell-free 
bacteria, extracts, effect, Asnis, 
Glick, and Fritz, 863 

Pyruvate dissimilation, cell-free bac- 
teria, extracts, effect, Asnis, Glick, 


and Fritz, 863 

G 
Galactose: p-, metabolism, Pseudomonas, 
De Ley and Doudoroff, 745 


Glucose: Heart homogenates, oxygen, 
toxic action, Haugaard, Hess, and 


Ttskovitz, 605 
Oxidation, Huennekens, Liu, Myers, 
and Gabrio, 253 


Glucuronic acid: p-, urinary excretion, 
barbital, effect, Burns, Evans, and 


Trousof, 785 
Glutamate oxidation: Carcinogen, in- 
hibition, A7elley, 91 


Glutamine: Protein, biosynthesis, tissue 
culture, relation, Levintow, Eagle, 
and Piez, 929 

Glutaric acid: $-Hydroxy-8-methyl-. 
See Hydroxy-8-methylglutaric acid 

Glycerophosphatide(s): Liver, beef, ei- 
cosapolyenoic acids, Montag, Klenk, 
Hayes, and Holman, 53 

Glycolytic system(s): Insulin-responsive 
and non-responsive, in diaphragm, 
coexistence, Shaw and Stadie, 

115 


Ic- 

27 

ne 

61 
iy, 

if- 
9] 

le, 

07 
‘O- 

C- 
93 

1e 

e, 

13 

1, 
d 


1128 


Glycoprotein(s): Serum, Schjeide and 
Ragan, 1035 
Grana: Deuterium, pyridine nucleotides, 
incorporation, effect, San Pietro and 
Lang, 483 
Growth: Mitotic and _ non-mitotic, 
amethopterin, nucleic acid, effect, 
Barton and Laird, 795 


H 


Heart: See Muscle, heart 

Histone(s): Dissociation, nucleohistone, 
calf thymus, Crampton, 495 

Homogenate(s): Heart, glucose and py- 
ruvate oxidation, toxic action, Hau- 
gaard, Hess, and Itskovitz, 605 

Hydrocortisone-4-C!*: Absorption and 
metabolism, Hyde and Williams, 


1063 
Hydrogenase: De-. See Dehydrogenase 
Hydrolysate(s): Protein. See Protein 


hydrolysate 
Hydroxy-6-methylglutaric acid: B-, bio- 
synthesis, Rudney, 363 
Hydroxynicotinic acid: 6-, nicotinic acid, 
hydroxylation, reversible, Harary, 
823 
Hydroxytryptamine: Serotonin, forma- 
tion, vitamin Beg, effect, Wezssbach, 
Bogdanski, Redfield, and Udenfriend, 
617 
Hydroxytryptophan: 5-, decarboxylase, 
kidney, characteristics, Buzard and 
Nytch, 225 


I 


[midazoleacetic acid: Conversion to 
formylaspartie acid, Hayaishi, Ta- 
bor, and Hayaishi, 161 

Insulin: Mucopolysaccharides, metabo- 
lism, influence, Schiller and Dorf- 
man, 625 

Iodide-I'*!: Cell-free tissue, incubation, 
Taurog, Tong, and Chaikoff, 

759 

Iodinating system: Activation, sheep 
thyroid, by flavin cofactors, Tong, 
Taurog, and Chatkoff, 773 

Iodine: Formation, cell-free tissue, in- 
cubation, with iodide-I'*!, Taurog, 
Tong, and Chatkoff, 759 


INDEX 


Iron: Hepatic ferritin, release, uric acid 
metabolism, relation, Green and Ma- 


zur, 653 

K 
Kidney: Aliphatic amines, acetylation, 
Phillips and Anker, 465 


Decarboxylase, 5-hydroxytryptophan, 
characteristics, Buzard and Nytch, 
225 
Transaminase, kynurenine, Mason, 
61 
Kinase: Fructo-. See Fructokinase 
Kynurenine: Hydroxy-, urinary. See 
Urinary hydroxykynurenine 
Transaminase, kidney, Mason, 61 


L 


Lactation: Glucose metabolism, pentose 
cycle, effect, Black, Kleiber, Butter- 
worth, Brubacher, and Kaneko, 537 


Lipide(s): Penicillium  chrysogenum, 
study, Gaby, Hadley, and Kaminski, 
853 


Phospho-. See Phospholipide 

Serum, analysis, chromatography and 
infrared spectrophotometry, Free- 
man, Lindgren, Ng, and Nichols, 


449 

Liver: Fructokinase, Parks, Ben-Ger- 
shom, and Lardy, 231 
Homogenates, reduction products, sex, 
relation, Rubin, 917 
Mitochondria, ribonucleases, liver, 
Roth, 591 


Perfused, tryptophan peroxidase, in- 
duction, Price and Dietrich, 
633 


Mercaptopurine: 6-, Escherichia coli, ef- 
fects, Bolton and Mandel, 833 
Metabolism: Erythrocyte, oxidation, 
glucose, Huennekens, Liu, Myers, 
and Gabrio, 253 
Fat, in plants, Stumpf and Barber, 
407 
Fatty acids, distribution, fat-free and 
supplemented diets, Mead, 1025 


— —, long chain, synthesis, by avo- 
407 


cado, Stumpf and Barber, 
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Metabolism—continued: 
p-Galactose, Pseudomonas  saccharo- 
phila, De Ley and Doudoroff, 745 
Glucose, pentose cycle, relation, in lac- 
tation, Black, Kleiber, Butterworth, 
Brubacher, and Kaneko, 537 
—. See Glucose metabolism 
Histidine, vitamin Bes, biotin defi- 
ciency, and, effect, Baldridge and 
Tourtellotte, 441 
Mucopolysaccharides, animals, insulin 
influence, Schiller and Dorfman, 
625 
Nucleic acid, amethopterin, growth, 
effect, Barton and Laird, 795 
Organic acids, tobacco leaves, Vickery, 
943 
Pyrimidine, uracil anabolism, enzy- 
matic pathways, Canellakis, 
329 
—, —, catabolic and anabolic path- 
ways, interaction, Canellakis, 701 
Uracil, pyrimidine, catabolic and ana- 
bolic pathways, interaction, Canel- 


lakis, 701 
Uric acid, Green and Mazur, 653 
— —, iron release, hepatic ferritin, re- 

lation, Green and Mazur, 653 


Methemoglobin reductase: Isolation and 
properties, Huennekens, Caffrey, Bas- 
ford, and Gabrio, 261 

Methionine: Incorporation into proteins, 
[Ehrlich ascites carcinoma, ethionine 
inhibition, Rabinovitz, Olson, and 
Greenberg, 217 

Milk: Proteins, Larson and Gillespie, 


See also Lactation 

Mitochondrion: Brain, disrupted, phos- 
phorylation, oxidative, Abood and 
Alexander, 717 
Formaldehyde and tL-cysteine, from, 
via thiazolidinecarboxylic acid, Mac- 
kenzie and Harris, 393 
Hepatic, from diabetic cat, use, Ves- 
ter and Stadie, 669 

Liver, ribonuclease, relation, Roth, 
591 
Mitochrome: Isolation and properties, 
physicochemical, Polis and Shmuk- 
ler, 419 
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Molybdenum: Deficiency, acetaldehyde 
oxidation, effect, Richert and Wester- 


feld, 533 
—, purine catabolism, effect, Richert, 
Bloom, and Westerfeld, 523 


Mucopolysaccaride(s): Metabolism, ani- 
mal, insulin influence, Schiller and 


Dorfman, 625 
Muscle: Heart, cytochrome c reductase, 
Estabrook, 1093 
Skeletal, crystalline enzyme, isolation, 
Lee, 987 
Mutase: Phosphogluco-. See Phospho- 
glucomutase 


Myeloma: Multiple, proteins, Bence- 
Jones, free amino, Putnam and Mi- 


yake, 1083 
See also Carcinoma 
N 

Nicotinic acid: Fermentation, bacterial, 

Harary, 815, 823 

6-Hydroxynicotinie acid, hydroxyla- 

tion, reversible, Harary, 823 


Hydroxy-. See Hydroxynicotinic acid 
Nitro group(s): Organic, reduction, met- 
abolic, Westerfeld, Richert, and Hig- 
gins, 379 
Nitrophenyl acetate: p-, hydrolysis, non- 
chymotryptic, catalysis, Brecher and 
Balls, 845 
Nuclease: Ribo-. See Ribonuclease 
Nucleic acid(s): Phospholipides, and, 
vitamin B,. effect on P*? incorpora- 
tion, O’Dell and Bruemmer, 


737 

Nucleohistone: Dissociation, histones, 
calf thymus, Crampton, 495 
Nucleotide: Fifth, in yeast, Davis and 
Allen, 907 


Nucleotide: Diphosphopyridine. See 
Diphosphopyridine nucleotide 
Nucleotide(s): Pyridine. See Pyridine 


nucleotide 
O 
Organic acid(s): Tobacco leaves, metab- 
olism, Vickery, 943 
Vickery and Palmer, 69 
Orotate: Enzyme formation, uracil, 
effect, Yates and Pardee, 677 
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Oxalic acid: Decarboxylation, enzy- 
matic, Shimazono and Hayaishi, 
151 
Oxidase: Tryptophan per-. See Trypto- 
phan peroxidase 
Oxidation: Diphenol, inhibition, borate, 


by tyrosinase, Yasunobu and Norris, 


473 

Oxygen: Blood, saturation of, deter- 
mination by  spectrophotometry, 
Gordy and Drabkin, 285 


Glucose homogenates, heart, toxic ac- 
tion, Haugaard, Hess, and Itskovitz, 

605 

Pyruvate homogenates, heart, toxic 

action, Haugaard, Hess, and Itsko- 

vitz, 605 

Oxygen: Saturation of blood, determina- 

tion, spectrophotometry, Gordy and 

Drabkin, 285 


P 


Papain: Kinetics, Stockell and Smith, 
1 
Penicillium chrysogenum: Lipides, 
study, Gaby, Hadley, and Kaminski, 
853 
Pentose cycle: Pathway, glucose metab- 
olism, in lactation, Black, Kleiber, 
Butterworth, Brubacher, and Kaneko, 
537 
Peptide(s): Acid hydrolysates of corti- 
cotropin, identification, Li, Cole, 
Chung, and Léonis, 
207 
Phosphatase: Prostatic acid, a-hydroxy- 


carboxylic acid, inhibition, Az7l- 
sheimer and Axelrod, 
879 
Phosphate: Adenosine tri-. See Adeno- 
sine triphosphate 
Phosphatide(s): Glycero-. See Glycero- 
phosphatide 
Phosphatidylcholine: Formation, Pil- 
geram, Hamilton, and Greenberg, 
107 
Phosphoenzyme: Bond,  phosphoglu- 
comutase, bond, Sidbury and Najjar, 
517 


Phosphoglucomutase: Mechanism stud- 
ies, Sidbury and Najjar, 517 


INDEX 


Phospholipide(s): Nucleic acids, and, 
vitamin effect on P*? incorpora- 
tion, O’ Dell and Bruemmer, 

737 

Phosphorus: 32-labeled, incorporation, 
nucleic acids and phospholipides, 
vitamin Bis, deficiency effect, O’ Dell 
and Bruemmer, 737 

Phosphorylation: Oxidative, in Aceto- 
bacter suborydans, Klungséyr, King, 
and Cheldelin, 135 

—, mitochondria, brain, disrupted, 
from, Abood and Alezxander, 717 
—,-—, hepatic, from diabetic cat, use, 
Vester and Stadie, 669 

Polyenoic acid(s): Kicosa-. See Kicosa- 
polyenoic acid 

Porphyrin: Uro-. See Uroporphyrin 

Waldenstrém, nature, Chu and Chu, 
505 

Potassium bicarbonate: Culture, excised 

leaves, effect, Vickery and Palmer, 
69 

Proline: L-, protein hydrolysates, isola- 

tion, Selim, Ramadan, and El-Sadr, 
871 

Prostatic acid: Phosphatase, a-hydroxy- 
carboxylic acid, inhibition, A7l- 
sheimer and Azelrod, 879 

Protein(s): Bence-Jones, free amino, in 
multiple myeloma, Putnam and Mi- 
yake, 1083 

Flavo-. See Flavoprotein 
Glutamine, biosynthesis, tissue cul- 
ture, relation, Levintow, Eagle, and 


Piez, 929 
Glyco-. See Glycoprotein 
Milk, Larson and Gillespie, 565 


Protein hydrolysate(s): and 
L-proline, isolation, Selim, 
and El-Sadr, 871 

Proteolytic activity: Anti-. See Antipro- 
teolytic activity 

Pseudomonas saccharophila: Metabo- 
lism, p-galactose, De Ley and Dou- 
doroff, 745 

Purine: Mercapto-. See Mercaptopu- 
rine 

Molybdenum deficiency, catabolism, 
Richert, Bloom, and Westerfeld, 
523 


ra- 


ell 
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Pyridine nucleotide(s): Deuterium, in- 
corporation, by grana, San Pietro 


and Lang, 483 
Flavoprotein-catalyzed, reaction 
mechanism, Weber, Kaplan, San 
Pietro, and Stolzenbach, 27 
Pyrimidine(s): Biogenesis, Neurospora 
crassa, aminobutyric  acid-3-C", 


use, Herrmann and Fairley, 1109 
Degradation, reductive, Campbell, 

693 

Pyruvate: Dissimilation, cell-free bac- 

teria, extracts, furacin effect, Asnis, 

Glick, and Fritz, 863 

Heart homogenates, oxygen, toxic ac- 
tion, Haugaard, Hess, and Itskovitz, 


605 

R 
Reductase: C-20-keto, adrenocortical 
steroids, Recknagel, 273 


Ribonuclease: Mitochondria, liver, puri- 

fication and characterization, Roth, 

591 

Ribonucleic acid(s): Yeast, containing 
fifth nucleotide, Davis and Allen, 


907 
S 
Saccharide(s): Mucopoly-. See Muco- 
polysaccharide 
Serine: Formaldehyde, incorporation, 
Kisliuk, 805 


Serotonin: See Hydroxytryptamine 
Sex: Reduction products, steroids, orien- 
tation, liver homogenates, Rubin, 
917 
Sheep: Thyroid, iodinating system, ac- 
tivation, by flavin cofactors, 7'ong, 
Taurog, and Chaikoff, 773 
Smith and Roe method: Amylase deter- 
mination, body fluids, Smith and Roe, 


357 

Steroid(s): Adrenocortical, Recknagel, 
273 
Carcinoma, adrenal, isolation, Sal- 
hanick and Berliner, 583 
Measurement, enzymatic, Hurlock and 
Talalay, 37 


Reduction products, orientation, liver 
homogenates, Rubin, 917 
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Sulfate: Sulfur 35-labeled, with serum 
proteins, association, Dziewiatkowski 


and Di Ferrante, 347 
Sulfide(s): Di-. See Disulfide 
T | 
Tartaric acid: (+)-, uptake, solutions, 
pH 3 to pH 6, Vickery, 943 


Thiazolidinecarboxylic acid: Formyl- 
cysteine mitochondria, synthesis, 
from formaldehyde and cysteine, re- 
lation, Mackenzie and Harris, 393 

Thiophene: Analogue, carnosine, synthe- 


sis and properties, Dunn, 575 
Threonine aldolase(s): Properties, Aara- 
sek and Greenberg, 191 
Thrombin: Analysis, Ehrenpreis and 
Scheraga, 1043 
Thymus: Nucleohistone, histones, dis- 
sociation, Crampton, 495 


Thyroid: Sheep, iodinating system, ac- 
tivation, by flavin cofactors, Jong, 
Taurog, and Chaikoff, 773 

Tissue: Cell-free, incubation, with io- 
dide-I'*!, Taurog, Tong, and Chaikoff, 

759 
Culture, protein, biosynthesis, gluta- 
mine, Levintow, Eagle, and Piez, 


929 

Normal and neoplastic, catalase in- 
hibition, Alerander, 975 
Tobacco: Leaves, organic acids, metabo- 
lism, Vickery, 943 
Vickery and Palmer, 69 


Trypsin: Chymo-. See Chymotrypsin 

Tryptamine: Hydroxy-. See Hydroxy- 
tryptamine 

Tryptophan: Hydroxy-. See Hydroxy- 
tryptophan 

Tryptophan peroxidase: Liver, perfused, 
induction, Price and Dietrich, 633 

Tyrosinase: Inhibition, borate, diphenol 
oxidation, Yasunobu and Norris, 


473 

U 
Uracil: Anabolism, enzymatic pathways, 
Canellakis, 329 


Dehydro-. See Dehydrouracil 
Knzymes, orotate synthesis, effect, 
Yates and Pardee, 677 
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Urinary excretion: Barbital, effect, L- 
ascorbic and p-glucuronic acids, 
Burns, Evans, and Trousof, 785 

See also Kidney 

Urinary hydroxykynurenine: Isolation 

and determination, Brown, 649 
See Kidney 

Uroporphyrin(s): I and III, chromato- 

graphic separation, Chu and Chu, 
505 


V 


Vitamin B,: Biotin, and, deficiency, ef- 
fect, Baldridge and Tourtellotte, 

441 

5-Hydroxytryptamine, formation, ef- 

fect, Weissbach, Bogdanski, Redfield, 

and Udenfriend, 617 


INDEX 


Vitamin B,.: Phosphorus 32-labeled in- 
corporation, nucleic acids and phos- 
pholipides, deficiency effect, O’ Dell 


and Bruemmer, 737 

WwW 
Waldenstrém: Porphyrin, nature, Chu 
and Chu, 505 

x 


X-ray: Protective agents, Pihl, Eldjarn, 
and Bremer, 339 


Y 
Yeast: Ribonucleic acid, with fifth nu- 
cleotide, Davis and Allen, 907 


Yeast: See also Fermentation 


